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SECTION  I 


INTRODUCTION  AND  SUMMARY 


An  important  phase  of  the  FRL  development  effort  for  the  Air  Force  is  to 
analyze  and  characterize  new  fibers  as  they  become  available,  and  particularly 
to  study  those  having  properties  which  may  be  of  particular  value  to  the  Air 
Force.  A major  part  of  our  work  this  p*st  year  has  been  devoted  to  a study  of 
two  particularly  interesting  new  fibers.  These  are  du  Font's  Kevlar*  29  and 
Kevlar*  49.  In  addition,  a third  du  Pont  fiber  called  PRD-49  Type  IV  was 
included  initially , but  it  was  no  longer  available  by  about  mid-year . Along 
with  these  three  fibers,  additional  measurements  were  made  of  the  properties 
of  PBl  yarn. 

The  tensile  characteristics  of  all  four  of  these  yarns  were  measured  at  low  and 
high  strain  rates  (0.167% and  8000%/ sec),  and  at  temperatures  of  -65,  70,  200,  400, 
600,  and  800°F.  Rupture  tenacity  and  elongation,  initial  modulus,  and  rupture 
energy  were  determined . Critical  velocity  under  lateral  impact  and  dynamic  modu- 
lus were  also  measured.  The  effect  of  yarn  twist  on  tensile  properties,  loop  and 
knot  strength  wore  evaluated,  and  throughout  tho  values  obtained  were  compared 
with  published  characteristics  of  nylon  and  Nomex  yarn. 

All  of  these  measurements  confirmed  the  fact  that  Kevlar  fibers  are  of  particu- 
lar interest  to  tho  Air  Force,  and  because  of  their  extremely  high  tenacities  offer  tho 
potential  of  significant  weight  saving  in  parachute  and  other  materials  applications. 


•Registered  trademark  of  F.  1.  du  Pont  do  Nemours  and  Co. , Inc.  for  their 
arumid  fiber . 


SECTION  II 


THE  EFFECT  OF  TEMPERATURE  AND  STRAIN  RATE  ON 
THE  TENSILE  PROPERTIES  OF  SEVERAL  YARNS 


1 . Introduction 


Previous  Air  Force  programs  have  included  extensive  studies  of  the  tensile 
properties  of  various  yarns  over  a wide  range  of  temperatures  and  strain  rates. 
During  the  past  year,  the  du  Pont  Company  has  increased  the  availability  of 
Kevlar  29  and  Kevlar  49  and  interest  in  these  unique,  high-modulus  materials 
has  grown  considerably.  Therefore,  early  in  May  of  1973,  a decision  was  made 
to  embark  upon  a similar  study  of  yarns  made  from  Kevlar  29  (then  designated 
Fiber  B) , Kevlar  49  (then  designated  PRD-49  III),  and  PRD-49  IV  (which  is  no 
longer  generally  available) . Since  comprehensive  tensile  data  had  not  yet  been 
compiled  for  PBI  yarn,  it,  too,  was  included  in  the  program. 

2 . Testing  Conditions  and  Techniques 

Tensile  testing  conditions  were  selected  after  consideration  was  given  to 
the  unusual  characteristics  of  the  Kevlar  series  of  yarns  and  to  the  need  to 
compare  results  with  similar  data  previously  obtained  for  other  materials, 
particularly  nylon  and  Nomex,  In  earlier  work  strain  rates  of  1.67%/ sec 
(100%/min)  and  9000%/sec  wore  used.  However,  the  very  low  elongation  to 
break  of  the  Kevlar  series  (2  to  4%)  necessitated  compromise  in  the  selection 
of  strain  rates.  The  Instron  testing  was  limited  to  u strain  rate  of  0.1 67%/ sec 
(10%/min)  by  the  response  time  of  the  recorder.  R Nibble  measurements  of 
elongation  required  the  use  of  a longer  gauge  length  (-10  inches),  which  limited 
work  at  the  higher  strain  rate  to  8000  %/sec.  Test  temperatures  of  -65,  70,  200, 

400,  600.  and  800gF  were  initially  chosen,  based  upon  prior  knowledge  of  the  useful 
range  of  the  four  test  materials.  Relative  humidity  was  maintained  at  651  for  tests  at 
70°F,  following  24  hours  of  specimen  exposure  to  these  conditions.  Tests  at  all  other 
temperature  levels  were  conducted  after  specimens  were  exposed  at  temperature  for 
ten  minutes . 

The  tensile  characteristics  of  the  Kevlar  yarns  made  selection  of  on 
appropriate  jaw  system  rather  difficult . To  adequately  grip  yarns  of  tenaci- 
ties in  the  20  gpd  range  with  anything  but  capstan  jaws  seemed  an  unlikely 
prospect,  hut  the  accuracy  of  strain  measurement  with  such  grips  is  limited. 

And,  since  rupture  strains  being  measured  were  generally  4% or  less,  it  was 
necessary  to  minimize  strain  measurement  error  ns  much  os  possible.  Toward 
this  end . considerable  effort  was  expended  at  the  outset  in  an  effort  to  develop 
an  epoxy  tab-flat  jaw  combination  that  would  yield  a clearly  defined  gauge 
distance  and  consequently,  more  accurate  strain  measurement.  Although 
many  epoxy  systems  were  tried,  none  was  found  that  was  suitable  at  the 
higher  temperature  levels.  Ultimately,  the  use  of  capstan  jaws  was  unavoid- 
able and  the  type  illustrated  in  Figure  t was  used.  The  upper  jaw-piece  is  a 
pulley  around  which  the  yarn  passes  in  a 180°  ure.  The  lower  component 


3 


fMCaOlNO  PASS  BUHUNOT  FILMED 


consists  of  a flat  jaw,  preceded  by  a semi-circular  snubbing  surface.  Thus, 
two  lengths  of  yarn  are  tested  in  parallel . Each  length  has  90°  of  wrap  around 
the  upper  capstan  and  180°  of  wrap  around  the  lower.  Since  the  strain  dis- 
tribution in  the  yarn  is  non-uniform  at  the  capstan,  the  value  of  the  true  gauge 
length  is  not  readily  apparent  and  a method  frequently  described  as  "effective 
gauge  length  determination"  was  employed  to  compute  a reliable  set  of  gauge 
length  corrections.  This  data  was  obtained  by  carrying  out  tensile  tests  at 
three  different  gauge  lengths  and  plotting  absolute  extension  vs  nominal  gauge 
length  for  several  increments  of  load.  These  plots  are  presented  as  Figures  2, 

3,  and  4,  and  yield  the  following  corrections,  which  equal  the  negative  distance 
along  the  gauge  length  axis  from  "zero  gauge  length"  to  the  zero  load  intercept: 
0.8  inch  for  Kevlur  29,  0.4  for  Kevlar  43  und  PRD-49  IV,  and  0.7  for  PB1. 

Three  conditioning  chambers  were  used  to  complete  an  extensive  series 
of  tensile  tests.  The  FKI.  environmental  test  chamber  can  be  mounted  in  an 
Instron  tensile  tester  and  was  thus  used  for  low  strain  rate  testing  over  the  tem- 
perature range  of  200-800°F.  This  eltamber  could  not  readily  be  converted  for 
use  in  FRl/s  high  strain  rate  tensile  tester  at  temperatures  as  high  as  800°F, 
however.  The  most  troublesome  aspect  was  the  need  to  accommodate  a rigid, 
vibration- free,  jaw  system  that  could  be  moved  into  and  out  of  the  heated 
chamber  for  sample  mounting.  Another  oven,  originally  incorporated  into 
the  design  of  a 1000-lb  capacity  high  strain  rate  tensile  tester  built  under  Air 
Force  Contract  No.  AI* 33 <61 5) * 2457  wus  available  and  was  uduptcd  for  use 
in  FRI.'s  high  strain  rate  yarn  testing  machine.  This  oven,  by  way  of  cut- 
outs in  the  roof  and  floor  and  appropriate  door  hinge  placement,  ean  be  rolled 
into  place  around  a permanently  fixed  jaw  system  after  the  specimen  has  been 
mounted,  For  testing  at  -65°F.  FRI,  constructed  a two-chamber  styrofoam  enclo- 
sure that  is  adaptable  to  both  Instron  and  high  strain  rate  testing  machines. 

One  chamber  of  this  unit  is  packed  with  dry  ice.  and  the  other  chamber,  con 
nested  to  the  first  by  two  ports,  is  provided  for  the  jaw  system  and  specimen, 

A rheostat  controlled  blower  circulates  cold  air  between  the  two  chambers. 

3.  Interpretation,  of  Results 

Values  obtained  from  room  temperature  tensile  tests  are  usually  expressed 
in  terms  of  the  original,  unstressed  fiber  or  yarn  dimensions  and  weight.  Rup- 
ture tenacity,  for  example,  is  commonly  given  as  grams  per  denier  based  on 
the  unstressed  denier  of  the  fiber  or  yarn,  in  spite  of  the  fact  that  the  relual 
denier  at  the  time  of  rupture  is  less  than  this.  Thus,  the  true  tensile  strength 
of  the  material  is  higher  than  that  implied  by  the  rupture  tenacity  figures. 

This  is  common  textile  practice,  and  is  a convention  used  also  for  the  calculation 
of  a modulus  or  the  normalised  energy  to  rupture. 

The  problem  becomes  more  complex,  however,  when  tests  arc  conducted 
at  an  elevated  temperature.  Exposure  to  high  temperatures  usually  causes  a 
fiber  or  yarn  to  shrink  in  length  and,  depending  upon  the  conditions,  possibly 
to  change  in  weight  due  to  loss  of  moisture  and  oxidation . One  can  define  the 
initial  denier,  then,  either  os  that  at  room  temperature  or  ns  that  at  the 
elevated  temperature  at  the  start  of  the  test.  Tenacities  which  arc  calculated  on 
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the  basis  of  room  temperature  denier  will  reflect  true  strength  changes,  while 
those  based  on  at-temperature  denier  will  reflect  tenacity  changes  in  the  normal 
sense  of  the  term . 

If  tenacity  were  the  only  characteristic  of  interest , it  would  seem  logical  to 
use  room  temperature  dimensions  as  a reference . Any  quantities  based  on  fiber 
length  or  length  changes,  however,  such  as  elongation,  modulus,  and  rupture 
energy  present  a different  problem . Elongations  based  on  room  temperature 
length  will  result  in  values  which  will  appear  strange  if  the  fiber  snrinks  at 
elevated  temperatures.  Thus,  in  elevated  temperature  tests,  it  will  require 
some  load  to  reach  what  will  be  defined  as  zero  elongation,  and  the  zero  load 
elongation  will  be  represented  not  by  zero,  but  by  a negative  value  which  will 
represent  the  shrinkage.  Values  of  modulus  or  rupture  energy  also  become 
difficult  to  interpret  accurately  if  they  are  based  on  room  temperature  rather 
than  at-temperature  dimensions. 

There  is  no  totally  satisfactory  solution  to  this  dilemma.  The  most  consistent 
way  of  expressing  all  of  the  measured  quantities  is  to  base  them  on  at-temperature 
dimensions.  This  is  what  has  been  done  in  previous  work  at  FRL  (see  report  no. 
AFML-TR-70-267,  Part  II,  for  example) . If  values  for  shrinkage  and  denier 
change  at  each  temperature  are  also  given,  all  the  information  needed  to  trans- 
late the  quantities  to  any  other  basis  is  available.  Therefore,  tenacity,  elongation, 
modulus  and  energy  values  will  be  based  upon  at-temperature  dimensions,  with 
one  oxcepticn . Tenacity  data  based  upon  room  temperature  denier  is  universally 
considered  fo  be  essential  engineering  information  and  so  rupture  tenacity  will  be 
rcpoi  .ed  in  both  ways.  Table  1 is  a tabulation  of  the  rupture  tenacities  of  all  yarns 
tested  under  various  conditions,  based  upon  room  temperature  denier.  Also  in- 
cluded in  Table  1 is  similur  data  obtained  by  FRL  under  previous  AF  contracts 
(F33G’ 5-G/-C-1731 , F3^S15-fi9-C-1167)  for  nylon  and  Nomex.  Figure  9.  in  a 
subsequent  section,  is  convenient  graphic  presentation  of  rupture  tenacity 
based  upon  room  temporuture  denier  vs  test  temperature.  All  other  data 
reported  heroin  will  be  based  upon  at-temperature  dimensions  and  weight. 

4 . Measurement  of  Dimensional  Changes  at  Tost  Temperatures 

A series  of  yu**n  specimen  exposures  were  made  to  determine  woight  change, 
length  change,  and  the  rt  uitant  denier  change  of  each  yarn  type  after  ten  min- 
utes of  conditioning  at  each  test  t-mpornturo  lovel.  The  results  of  those  exposures 
are  prosonted  in  Tublo  2.  Yarns  of  Kevlar  29,  Kovlar  49,  and  PRD-49  IV  showod 
no  perceptible  length  change  aftor  oxposure  at  each  of  the  three  lower  tosi  ter>- 
peratues  and  only  minimal  shrinkage  (1  to  2%)  at  the  maximum  temperature  of 
800°F,  Thus,  the  denier  changes  measured  for  there  materials  ere  attributable 
solely  to  the  removal  of  moisture  ( f other  volatile  material . »*BI  yurn  exhibited 
slight  but  measurable  clirinkage  a ‘he  lower  temporaiures,  and  at  750  and  800°F, 
it  was  reduced  in  length  by  20%  and  27%,  respectively.  Values  of  denier  end 
gauge  length  used  to  calculate  yarr  properties  ut  each  temperature  level  .\rc 
shown  in  the  tabulations  of  individual  test  data  in  the  Appendix,  Tables  1:0  and  21. 
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TABLE  1 


STRENGTH  RETENTION  OF  YARNS  AT  VARIOUS  TEMPERATURES 


Low 

Strain  Rate 

(0.167%/ sec) 

High 

Strain  Rate 

(8000%/sec) 

Rupture 

Strength 

Rupture 

Strength 

Temp 

Tenacity1 

Retention 

Temp 

Tenacity1 

Retention 

Material  (°F) 

(gpd) 

(%) 

(°F) 

(gpd) 

(%) 

Kevlar  29  - 65 

22.9 

110 

- 65 

18.0 

103 

(1500  den5)  70 

20.8 

100 

70 

17.5 

100 

200 

18.3 

88 

170 

17.4 

99 

400 

14.4 

69 

370 

14.5 

83 

600 

7.5 

36 

570 

9.9 

57 

800 

2.5 

12 

750 

4.7 

27 

Kevlar  49  - 65 

18.6 

101 

- 65 

14.6 

92 

(400  den5)  70 

18.5 

100 

70 

15.8 

100 

200 

15.3 

83 

170 

14.9 

94 

400 

9.9 

54 

370 

13.9 

88 

600 

5.8 

31 

570 

12.9 

82 

800 

4.1 

22 

750 

6.1 

39 

PRD-49  IV  - 65 

21.5 

114 

- 65 

15.4 

92 

(400  den5)  70 

18.8 

100 

70 

16.7 

100 

200 

15.2 

81 

170 

16.6 

99 

400 

10.0 

53 

370 

12.2 

73 

600 

6.7 

36 

570 

10.2 

61 

800 

4.8 

26 

750 

5.9 

35 

PBI  - 65 

6.3 

117 

- 65 

7.3 

116 

(200<len5)  70 

5.4 

100 

70 

6.3 

100 

200 

6.6 

122 

170 

6.6 

105 

400 

5.5 

102 

370 

5.2 

83 

600 

3.8 

70 

570 

4.5 

71 

800 

1.0 

19 

750 

1.8 

29 

Nylon1*  4 -109 

9.8 

146 

-109* 

8.8 

109 

(1050  den5)  70 

6.7 

100 

70 

8.9 

100 

200 

5.8 

87 

200 

7.1 

88 

400 

3.4 

01 

400 

4.2 

52 

Nomex*  *4  -109 

7.1 

139 

-109s 

5.8 

112 

(1200  den5)  70 

5.1 

100 

70 

5.2 

100 

200 

4.6 

90 

200 

5.6 

108 

400 

3.3 

65 

400 

4.2 

81 

600 

1.6 

31 

600 

3.0 

58 

‘Tenacity  based  on  donior  at  70°P. 

* 1.67%/sec  - low  strain  rate. 

*3000%/ sec  at  -109°F. 

4 The  nylon  and  Nomox  curves  at  high  strain  rate  passed  through  a stress 
maximum  prior  to  rupture.  Tho  rupture  tenacities  given  correspond  to  the 
point  of  maximum  stress. 

* Nominal  denier  at  70°F. 
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TABLE  2 


WEIGHT  CHANGE  AND  SHRINKAGE  AT  TEMPERATURES 
SELECTED  FOR  TENSILE  TESTING 


Kevlar  29  Kevlar  49  PRD-49  IV  PBI 


-65°F 

Weight  Change  (%) 

0 

0 

0 

0 

Length  Change  (%) 

0 

0 

0 

0 

Denier  Change  (%) 

0 

0 

0 

0 

200°F 

Weight  Change  (%) 

-3.8 

-3.9 

-4.1 

-6.7 

Length  Change  (%) 

0 

0 

0 

-0.6 

Denier  Change  (%) 

-3.8 

-3.9 

-4.1 

-4.3 

370-400°F 

Weight  Change  (%) 

-5.2 

-4.1 

-5.3 

-10.7 

Length  Change  (%) 

0 

0 

0 

-1.1 

Denier  Change  (%) 

-5.2 

-4.1 

-5.3 

-9.8 

570-600°F 

Weight  Change  (%) 

-5.6 

-4.2 

-5.1 

-8.5 

Length  Change  (%) 

0 

0 

0 

-1.7 

Denier  Change  (%) 

-5.6 

-4.2 

-5.1 

-7.1 

750°F 

Weight  Change  (%) 

-6.3 

-5.6 

-6.0 

-8.5 

Length  Change  (%) 

0 

-2.2 

-1.1 

-20.0 

Denier  Change  (%) 

-6.3 

-3.4 

-3.9 

+14.2 

800°F 

Weight  Chango  (%) 

-6.3 

-5.9 

-6.4 

-7.4 

Length  Change  (%) 

-1.1 

-2.2 

-2.2 

-26.7 

Denier  Change  (%) 

-4.8 

-4.4 

-4.1 

+26.3 

5.  Low  Strain  Rate  (0.167%/sec)  Tensilo  Tost  Results 

Tensile  data  obtained  at  a strain  rate  of  0.167%/sec  (10%/min) , Instron  testing 
machine)  is  presented  in  several  ways,  the  most  basic  format  being  a sorios  of  stress- 
strain  curves  shown  in  Figures  5 through  9 . Individual  tost  results  are  tabulated  in  the 
Appendix , Table  22 , and  a summary  of  low  strain  rate  properties  is  given  in 
Table  3.  Figures  9 through  12  contain  plots  of  individual  tensile  properties  versus 
test  temperature.  Included  in  both  the  summary  tablo  and  property  versus  tem- 
perature curves  are  nylon  and  Nomex  datu  obtained  by  FRL  under  previously  refer- 
enced Air  Force  contracts?  Subambient  and  high-tomperature  data  for  these  two 
materials  were  taken  at  different  times  using  yarns  that  differed  slightly  in  room 
temperature  properties . Therefore , in  order  to  permit  meaningful  comparisons 
throughout  the  temperature  range , the  subumbient  tenacity  and  elongation  daiu 
shown  for  nylon  and  Nomex  were  adjusted  slightly,  based  upon  the  ratios  of  the 
ambient  data  for  tire  two  sets  of  yarn. 


*AFML  Reports  TR-68-279;  TR-70-267,  Part  II. 
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TABLE  3 


SUMMARY  OF  TENSILE  PROPERTIES  AT  LOW  STRAIN  RATE  (0.167%/ sec) 


Rupture  Initial  Energy  to 

Tenacity  Rupture  Modulus  Rupture 


Material 

Temp 

(°F) 

Actual 

Denier 

(KPd) 

(103 

psi) 

Elong 

(%) 

(KPd) 

<10* 

psi) 

(gpd) 

(105 

psi) 

Kevlar  29 

- 65 

1530 

22.9 

425 

3.5 

615 

11.4 

0.40 

7.4 

70 

1530 

20.8 

386 

3.6 

507 

9.4 

0.35 

6.5 

200 

1480 

18.9 

351 

3.4 

447 

8.3 

0.29 

5.4 

400 

1450 

13.7 

254 

2.9 

372 

6.9 

0.19 

3.5 

600 

1440 

8.0 

148 

2.0 

360 

6.7 

0.08 

1.5 

800 

1460 

2.3 

43 

0.7 

372 

6.9 

0.01 

0.2 

Kevlar  49 

- 65 

410 

18.6 

350 

2.0 

945 

17.5 

0.19 

3.5 

70 

410 

18.5 

340 

2.2 

841 

15.6 

0.20 

3.7 

200 

395 

15.9 

290 

1.9 

855 

15.9 

0.15 

2.8 

400 

395 

10.3 

190 

1.5 

764 

14.2 

0.08 

1.5 

600 

390 

6.0 

110 

1.0 

653 

12.1 

0.03 

0.6 

800 

390 

4.3 

80 

0.8 

509 

9.4 

0.02 

0.4 

PRD-49  IV 

- 65 

410 

21.5 

400 

2.6 

869 

16.1 

0.28 

5.2 

70 

410 

18.7 

350 

2.6 

746 

13.8 

0.24 

4.5 

200 

395 

15.8 

290 

2.4 

698 

13.0 

0.19 

3.5 

400 

395 

10.5 

190 

2.0 

591 

11.0 

0.11 

2.0 

600 

390 

7.0 

130 

1.2 

630 

11.7 

0.04 

0.7 

800 

390 

5.0 

92 

0.8 

563 

10.4 

0.02 

0.4 

PB1 

- 65 

210 

6.3 

111 

9.8 

145 

2.5 

0.44 

8.2 

70 

210 

5.8 

99 

15.9 

126 

2.1 

0.61 

11.3 

200 

195 

7.1 

125 

16.2 

120 

2.0 

0.71 

13.2 

400 

190 

6.0 

104 

15.6 

96 

1.6 

0.53 

9.9 

600 

190 

4.1 

70 

15.0 

79 

1.3 

0.36 

6.7 

800 

240 

0.8 

14 

3.9 

31 

0.5 

0.02 

0.4 

Nylon* 

-109 

1040 

9.8 

138 

8.3 

108 

1.5 

.... 

70 

1030 

6.7 

94 

13.0 

44 

0.6 

0.45 

8.4 

200 

1040 

5.7 

80 

18.9 

21 

0.3 

0.54 

10.0 

400 

1100 

3.2 

45 

44.0 

8 

0.1 

0.84 

15.6 

Nomex* 

-109 

1280 

7.1 

127 

18.4 

131 

2.3 

70 

1290 

5.1 

91 

27.6 

113 

2.0 

1.10 

20.5 

200 

1210 

4.8 

86 

23.3 

108 

1.9 

0.86 

16.0 

400 

1220 

3.5 

63 

26.4 

90 

1.6 

0.73 

13.6 

600 

1250 

1.6 

29 

20.4 

22 

0.4 

0.22 

4.1 

All  data  is  based  upon  denier  and  gauge  length  values  determined  at  each  test 
temperature . 

*1,67%/ sec  strain  rate. 
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Figure  6 . 
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Stress-Strain  Diagrams  for  Kevlar  49  Yarn 
Tensile  Tested  at  a Strain  Rate  of  0.167%/sec 
(10%/min)  at  Various  Temperatures  (based  upon 
at-temporature  yarn  dimensions) 
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Figure  7.  Stress-Strain  Diagrams  for  PRD-49  IV  Yarn  Ten- 
sile Tested  at  a Strain  Rate  of  0.167%/ sec 
(10%/min)  at  Various  Temperatures  (based  upon 
at-tomperature  yarn  dimensions) 
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The  most  prominent  feature  seen  in  the  stress-strain  plots  (Figures  5 
through  8)  is  the  unique  appearance  of  the  Kevlar  (Kevlar  29,  Kevlar  49,  and 
PRD-49  IV)  curves . Notice,  for  example,  that  at  70°F  all  are  nearly  linear, 
and  that  all  three  rupture  tenacities  are  greater  than  18  gpd . Rupture  elonga- 
tion values  are  generally  low,  ranging  from  2.2% for  Kevlar  49  to  3.6%  for 
Kevlar  29.  These  high  tenacities  and  low  elongation  properties  yield  initial 
modulus  values  that  are  extraordinarily  high,  ranging  from  507  gpd  for 
Kevlar  29  to  841  gpd  for  Kevlar  49.  For  the  sake  of  comparison,  it  is  inter- 
esting to  note  initial  modulus  values  for  several  other  yarns:  44  gpd  for 
Type  702  nylon,  300  gpd  for  stainless  steel  and  380  gpd  for  "S"  glass.  Also 
apparent  from  the  stress-strain  curves  is  the  great  strength  retention  of  all 
four  yarn  types,  including  PPI,  at  elevated  test  temperatures  up  to  300°F.  In 
contrast,  nylon  has  melted  at  489°F.  Figures  9 through  12  show  more  directly 
the  effect  of  temperature  upon  yarn  properties . Additionally , these  curves 
yield  convenient  comparisons  of  relative  property  values,  including  those  for 
nylon  and  Nomex , It  can  be  seen  that,  in  the  most  general  terms,  the  tensile 
properties  of  PBI,  nylon,  and  Nomex  form  one  group  of  curves  and  those  for 
the  three  Kevlars  form  another . Numerous  specific  observations  and  compari- 
sons may  be  made  using  these  curves,  but  they  are  best  left  for  the  reader. 

6.  High  Strain  Rate  (8000%/aec)  Tensile  Test  Results 

High  strain  rate  (8000%/ sec)  tensile  testing  was  done  on  FRL's  pneumatically 
driven  test  machine  using  the  same  jaw  system  and  gauge  lengths  employed  for 
the  low  strain  rate  work . The  same  nominal  test  temperatures  were  used , but 
during  the  course  of  the  testing , a temperature  gradation  was  discovered  in 
the  oven  being  used.  This  oven,  referred  to  previously,  has  interior  dimen- 
sions of  3 inches  by  3 inches  by  25  inches  high.  Since  the  cross-sectional  area 
is  so  small,  the  temperature-monitoring  thermocouple  was  mounted  approxi- 
mately one-half  inch  from  the  oven  wall,  to  avoid  contact  with  the  specimen 
during  slack  take-up.  At  800°F,  the  upper  temperature  limit  used  for  the  work 
in  the  Instron  testing  machine,  testing  at  high  strain  rate  became  an  impossible 
task,  as  the  integrity  of  all  four  mat* rials  was  marginal.  Rupture  elongation 
values  measured  for  the  Kevlar  yarns  were  less  than  H,  and  too  small  for 
measurement  with  currently  available  equipment  (test  duration  at  this  testing 
speed  was  only  100-200  microseconds) . Therefore,  750°F  was  adopted  as  the 
upper  test  temperature,  liven  at  this  level,  the  elongation  measurements  in 
one  case,  that  of  Kevlar  49,  were  not  considered  reliable  enough  to  roport.  It 
is  safe  to  say , however , that  the  true  rupture  elongation  value  for  Kevlar  49 
at  ?50°F  lies  within  the  range  of  0.7  to  1 ,2%. 

High  strain  rate  tensile  data  is  presented  in  tabular  and  graphical  form 
similar  to  that  for  the  corresponding  low  strain  rate  testing.  Stress-strain 
curves  appear  as  Figures  13  through  IS.  These  plots  also  contain,  for  com- 
parison, a stress-strain  curve  for  the  same  yarn  tested  ut  0.167%/soc  at  70°F. 
Again , individual  test  results  arc  tabulated  in  Appendix  Table  23  and  a summary 
of  high  strain  rate  properties  is  given  in  Table  4.  Figures  9 through  12  show 
the  effect  of  temperature  upon  each  of  four  basic  tensile  properties  for  a total  of 
six  yarn  materials  at  both  idgh  and  low  strain  rates. 
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Figure  13.  Stress-Strain  Diagrams  for  Kevlar  29  Yarn  Tensile 
Tested  at  a Strain  Rate  of  8000%/sec  at  Various  Tem- 
peratures (based  upon  at-temperuturo  yarn  dimensions) 
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Figure  16.  Stress-Strain  Diagrams  for  PBI  Yam  Tensile  Tested  at  a 
Strain  Rate  of  8000%/sec  at  Various  Temperatures 
(based  upon  at-temperature  yarn  dimensions) 


25 


Examining  the  stress- strain  curves,  Figures  13  through  16,  it  is  worthwhile 
to  note  first  the  effect  of  strain  rate  alone  on  the  yarns  tested  (disregarding  tem- 
perature effects  for  the  moment) . At  the  higher  strain  rate , the  three  Kevlar 
yarns  retain  a generally  linear  appearance,  rupture  elongation  values  are  essen- 
tially unchanged,  and  rupture  tenacities  are  clearly  lower.  With  straight  line 
plots  such  as  these , the  net  result  of  a lower  tenacity  and  a minimal  change  in 
rupture  elongation  is , naturally , a reduction  in  the  value  of  the  initial  modulus . 
The  Kevlars  appear  to  be  unique  in  their  response  to  high  strain  rate  loading. 
The  majority  of  commonly  used  textile  materials  react  in  a manner  more  similar 
to  that  seen  in  Figure  13  for  PBI.  With  the  change  in  strain  rate  from  0.167%/ sec 
to  8000%/ sec,  the  rupture  tenacity  of  PBI  increased  approximately  8%  and  the 
rupture  elongation  decreased  19%. 

Another  pertinent  observation  regarding  the  effect  of  strain  rate  can  be 
made  from  the  plots  of  tensile  properties  versus  test  temperature  (Figures  9-12) . 
Notice  that  the  effect  of  increasing  temperature  on  the  tensile  properties  of  the 
Kevlars  is  distinctly  less  severe  at  the  high  rate  of  strain . In  fact,  these  mate- 
rials generally  exhibit  a remarkable  degree  of  tensile  integrity  at  high  tempera- 
tures (600°F)  and  high  strain  rates  (8000%/ sec) . 

As  suggested  previously,  the  plots  of  individual  tensile  properties  versus 
temperature  emphasize  the  unusual  character  of  the  Kevlar  series.  Comparisons 
with  the  properties  of  PBI,  nylon,  or  Nomex  at  either  strain  rate  or  at  any  tem- 
perature up  to  600°F  yield  distinct  differences  in  absolute  values.  The  nature 
of  these  differences  leads  to  the  general  characterization  of  the  Kevlars  as 
extremely  high  tenacity,  low  elongation,  high  modulus  materials.  A fourth  rele- 
vant property,  energy  absorption,  should  also  be  examined.  From  Figure  12  it 
is  apparent  that  nylon,  Nomex,  and  PBI  all  absorb  more  energy  to  rupture  than 
any  of  the  Kevlar  series . The  differences  are , in  general , quite  large  and  are 
greater  at  the  high  strain  rate.  It  should  be  noted  that  the  energy  absorption 
values  shown  for  Type  702  nylon  are  unusually  low  in  comparison  with  other 
published  data  for  nylon  and  thus  do  not  yield  a truly  representative  comparison 
in  this  case.  And,  since  the  unusually  high  tenacity  of  the  Kevlars  may  render 
them  potential  replacements  for  nylon  in  many  high  impact  applications , energy 
absorption  is  a vital  consideration . However , FRL  recently  conducted  an  exten- 
sive series  of  tensile  tests  on  various  typos  of  nylon  yarn  and  the  information 
obtained  can  be  used  to  provide  a comprehensive  comparison  of  Kevlar  proper- 
ties with  those  of  many  types  of  nylon.  This  project  was  performed  under  con- 
tract to  U . S . Army  Natick  Labs  and  the  majority  of  the  data  shown  in  Tables 
5 and  6 is  copied,  with  their  permission,  from  QM  Technical  Report  No.  73-60- 
CE.  Comparing  energy  to  rupture  values  contained  in  these  tables,  it  can  be 
seen  that  at  both  high  and  low  strain  rates , high  tenacity  nylon  yarn  generally 
absorbs  two  to  three  times  the  energy  of  the  Kevlars  during  a test  to  failure. 
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TABLE  4 


SUMMARY  OF  TENSILE  PROPERTIES  AT  HIGH  STRAIN  RATE  (8000%/sec) 


Rupture  Initial  Energy  to 

Stress  Rupture  Modulus  Rupture 


Temp 

Actual 

(10* 

Elong 

(W 

'■'do* 

Material 

(°F) 

Denier 

(gpd) 

Psi) 

(%) 

(gpd) 

psi) 

(gpd) 

psi) 

Kevlar  29 

- 65 

1530 

18.0 

330 

3.3 

550 

10.2 

0.30 

5.5 

70 

1530 

17.5 

320 

3.2 

550 

10.1 

0.28 

5.2 

170 

1480 

18.1 

330 

3.2 

560 

10.3 

0.29 

5.4 

370 

1450 

15.3 

280 

3.1 

550 

9.2 

0.24 

4.4 

570 

1440 

10.5 

190 

2.4 

440 

8.1 

0.13 

2.4 

750 

1430 

5.0 

93 

1.6 

310 

5.8 

0.04 

0.7 

Kevlar  49 

- 65 

410 

14.6 

270 

2.1 

700 

13.0 

0.15 

2.8 

70 

410 

15.8 

290 

2.2 

720 

13.4 

0.17 

3.1 

170 

395 

15.5 

290 

2.1 

730 

13.4 

0.16 

3.0 

370 

395 

14.5 

270 

2.2 

650 

12.0 

0.16 

3.0 

570 

390 

13.4 

250 

2.0 

670 

12.3 

0.13 

2.4 

750 

390 

6.5 

120 

— 

— 

— 

— 

— 

PRD -49  IV 

- 65 

410 

15.4 

290 

2.7 

580 

10.8 

0.21 

3.9 

70 

410 

16.7 

310 

2.8 

600 

11.0 

0.23 

4.3 

170 

395 

17.2 

320 

3.0 

570 

10.5 

0.26 

4.8 

370 

395 

12.7 

230 

2.4 

520 

9.6 

0.15 

2.8 

570 

390 

10.7 

200 

2.1 

510 

9.4 

0.11 

2.0 

750 

390 

6.2 

115 

1.2 

510 

9.4 

0.04 

0.7 

PBI 

- 65 

210 

7.3 

124 

10.1 

110 

1.9 

0.49 

8.3 

70 

210 

6.3 

107 

12,9 

110 

1.9 

0.55 

9.4 

170 

195 

7.1 

121 

13.1 

110 

1.9 

0.62 

10.5 

370 

190 

5.7 

97 

7.3 

110 

1.9 

0.31 

5.2 

570 

190 

5.0 

85 

11.5 

100 

1.7 

0.41 

7.0 

750 

240 

1.6 

27 

3.0 

64 

1.1 

0.03 

0.5 

Nylon** 

-109 

1040 

8.8 

128 

10.0 

100 

1.5 

— 

— 

70 

1030 

8.9 

130 

16.6 

56 

0.8 

0.79 

11.5 

200 

1040 

7.0 

102 

20.2 

26 

0.4 

0.67 

9.8 

400 

1100 

3.9 

57 

34.3 

15 

0.2 

0.73 

10.7 

Nomex** 

-109* 

1280 

5.8 

104 

8.8 

87 

1.6 

— 

— 

70 

1270 

5.2 

93 

30.2 

82 

1.6 

1.33 

5.9 

200 

1210 

5.7 

102 

21.8 

94 

1.7 

0.98 

17.5 

400 

1220 

4.4 

79 

27.2 

71 

1.3 

0.92 

16.5 

600 

1250 

3.1 

55 

21.4 

45 

0.8 

0.46 

8.2 

700 

1270 

1.5 

27 

14.4 

11 

0.2 

0.09 

0.3 

All  data  is  based  upon  denier  and  gauge  length  values  determined  at  each  test 
temperature . 

*3000%/ sec  strain  rate  at  -1G9°F. 


**The  nylon  and  Nomex  curves  passed  through  a stress  maximum  prior  to  rupture. 
The  rupture  tenacities  given  correspond  to  the  point  of  maximum  stress,  while  the 
rupture  elongations  und  energies  to  rupture  correspond  to  the  points  of  rupture . 


27 


TABLE  5 


COMPARISON  OF  LOW  STRAIN  RATE*  TENSILE  PROPERTIES  (at  70°F) 
OF  VARIOUS  TYPES  OF  NYLON  YARN  WITH 
THOSE  OF  KEVLAR  29  AND  KEVLAR  49  YARN 


Yarn 

Tenacity 

(gpd) 

Rupture 

Elongation 

(%) 

Initial 

Modulus 

(gpd) 

Energy  to 
Rupture 
(gpd) 

Nylon,  du  Pont 

330  High  Tenacity 

420-68-1Z 

7.76 

16.8 

37.3 

0.74 

70-34-1/2Z 
728  High  Strength 

6.94 

18.8 

47.2 

0.84 

840-140-R20 
702  Bright  Ind 

9.25 

19.4 

32.8 

0.83 

840-140-1/2Z 
714  Bright  Ind 

8.44 

19.2 

40.4 

0.90 

840-140-R20 

Nylon,  Allied 

1Q70  High  Tenacity 

8.82 

19.2 

38.3 

0.88 

840- 136— 1/ 2Z 

Nylon,  Monsanto 

A07  High  Tenacity 

8.87 

20.2 

35.4 

0.92 

840-140- 1/ 3Z 
A 05  High  Tenacity 
Fatigue  Resistant 

10.0 

16.2 

50.0 

0.72 

840-140Z 

A06  High  Strength 
Improved  Durability 

8.74 

18.5 

44.2 

0.77 

840-140-Z 
E02  High  Tenacity 

8.57 

19.5 

43.1 

0.82 

840-68- 1/2Z 

Nomex,  du  Pont 
430  Regular 

8.17 

17.0 

45.7 

0.71 

200-100-0 
Kevlar  29 

5.27 

22.0 

121.0 

0.89 

1500-1000-0 
Kevlar  49 

20.8 

3.6 

507 

0.35 

400-267-0 

•Nylon  strain  rate:  1.67%/ sec; 

18.5  2.2 

Kevlar  strain  rate:  0.167%/ sec. 

841 

0.20 
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TABLE  6 


COMPARISON  OF  HIGH  STRAIN  RATE  (7000%-8000%/sec) 
TENSILE  PROPERTIES  (at  70°F)  OF  VARIOUS  TYPES  OF  NYLON  YARN 
WITH  THOSE  OF  KEVLAR  29  AND  KEVLAR  49  YARN 


Yarn 

Rupture 

Tenacity 

(KPd) 

Rupture 

Elongation 

(%) 

Initial 

Modulus 

(gpd) 

Energy  to 
Rupture 
(gpd) 

Nylon,  du  Pont  330 
420-68-1Z 

9.2 

13.2 

109 

0.65 

70-34-Z 

7.9 

14.7 

94 

0.71 

Nylon,  du  Pont  702 
840-140-1/2Z 

9.6 

16.4 

117 

0.77 

Nylon,  du  Pont  728 
840-140-R20 

10.2 

16.3 

108 

0.73 

Nylon,  Monsanto  A07 
840-140-1/3Z 

10.9 

14.6 

135 

0.61 

Kevlar  29 

1500-1000-0 

17.5 

3.2 

550 

0.28 

Kevlar  49 
400-267-0 

15.8 

2.2 

720 

0.17 

7.  Variability  of  Kevlar  29  Yarn 

AU  of  the  results  reported  herein  were  obtained  from  yarn  from  one  pack- 
age, so  that  one  might  expect  comparisons  showing  the  i'rect  of  strain  rate 
or  of  temperature  to  be  unaffected  by  variability.  Some  indication  of  the 
effect  of  yarn  denier,  between  package  variability,  or  merge  on  the  compari- 
sons obtained  was  examined  in  the  case  of  Kevlar  29. 

A similar  set  of  tests  at  low  strain  rates  and  all  temperatures  were  carried 
out  on  1000  instead  of  1500  denier  yarn.  Instron  (low  strain  rate)  tests  at  70°F 
were  also  carried  out  on  2 packages  each  of  1000  and  1500  denier  yarn  from 
another  merge.  The  results  are  given  in  Tables  7 and  8. 

The  results  in  Table  7 show  that,  in  general,  1000  denier  yarn  has  a 
higher  tenacity  and,  perhaps,  somewhat  higher  modulus  than  1500  denier  yarn. 
Differences  between  yarn  of  the  same  denier  are  primarily  in  the  value  of  the 
initial  modulus,  which  seems  to  vary  as  much  as  20%.  The  between  package 
variability  within  a merge  is  very  low . 


TABLE  7 


VARIABILITY  OF  KEVLAR  29  YARN 
AT  70°F,  0.167%/SEC  STRAIN  RATE 


Yarn  Identification 

Merge 

No. 

Package 

No. 

Actual 

Denier 

Rupture 

Tenacity 

(ftpd) 

Rupture 

Elong 

(%) 

Initial 

Modulus 

(RPd) 

unidentified 

. 

1530 

20.8 

3.6 

507 

1500  denier  used 
in  all  previous 
tensile  tests 


1500-100Q-R80-964 

6F016 

1 

1560 

19.6 

3.5 

461 

2 

1560 

19.6 

3.4 

467 

unidentified 
1000  denier 

— 

— 

1030 

22.2 

3.4 

585 

1000-666-R80-964 

6F028 

1 

1020 

22.4 

3.7 

481 

2 

1000 

20.8 

3.6 

493 

TABLE  8 


TENSILE  PROPERTIES  OF  1000  AND  1500  DENIER  KEVLAR  29  YARN, 

0.167%/SEC  STRAIN  RATE 


Yarn 

Denier 

Temperature 

<°F) 

Rupture 

Tenacity 

(Jfpd) 

Rupture 

Elongation 

<%> 

Initial 

Modulus 

(RPd) 

1030 

-65 

23.2 

3.6 

627 

1030 

70 

22.2 

3.4 

585 

990 

200 

19.2 

3.1 

564 

975 

400 

14.5 

2.6 

510 

970 

600 

7.0 

1.5 

457 

980 

800 

3.1 

0.8 

343 

1530 

-65 

22.9 

3.5 

615 

1530 

70 

20.8 

3.6 

507 

1480 

200 

18.9 

3.4 

447 

1450 

400 

13.7 

2,9 

372 

1440 

600 

8.0 

2.0 

360 

1460 

800 

2.3 

0.7 

372 
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Differences  in  tenacity  between  the  deniers  are  shown  in  Table  8 to  be 
larger  at  70°F  than  at  other  temperatures.  Again,  the  biggest  difference  between 
1000  and  1500  denier  yarn  at  all  temperatures  is  in  the  value  of  the  initial  modulus. 

The  absolute  values  of  the  quantities  studied  in  all  of  this  work  must  be  inter- 
preted with  this  variability  in  mind . It  is  clear  that  the  yarn  tested  was  different, 
particularly  in  the  value  of  its  modulus , from  more  recent  yarn  represented  by 
merge  numbers  6F016  and  6F028.  However  the  yarns  from  these  two  merges  are 
very  similar , in  spite  of  their  denier  differences . It  is  safe  to  say  that  the  general 
trends  resulting  from  changes  in  temperature  or  strain  rate  are  reliable , but  the 
absolute  value  of  the  tensile  parameters , or  of  changes  therein , may  depend  upon 
the  particular  yarn  package  being  tested . 

8.  Summary  of  Tensile  Characteristics  of  Kevlar  and  PBI  Yarns 

Yarns  of  Kevlar  29,  Kevlar  49,  PRD-49  IV,  and  PBI  were  tensile  tested  under 
a total  of  twelve  conditions  each.  Operating  at  strain  rates  of  0.167%/ sec  (10%/min) 
and  8000%/ sec.  six  temperature  levels  were  employed,  ranging  from  -65  to  800°F. 

A large  collection  of  data  was  thus  obtained . To  facilitate  worthwhile  examination 
of  this  information,  it  has  been  presented  in  several  graphic  and  tabular  forms, 
together  with  comparable  data  for  nylon  and  Nomex  yarn , obtained  in  the  course 
of  earlier  Air  Force  programs.  A thorough  study  of  these  test  results  will  undoubt- 
edly reveal  a number  of  specific  observations  and  comparisons  of  value.  Consider- 
ation of  the  most  relevant  facts  to  be  observed  in  the  entire  data  compilation  leads 
to  the  following  observations: 

1 . Under  the  most  basic  test  conditions  (a  strain  rate  of  0. 167%/ sec  and  at 
70°F) , the  tensile  properties  of  the  Kevlar  yarns  differ  greatly  from 
those  of  PBI,  nylon,  and  Nomex.  In  comparison  with  this  latter  group  of 
yarn  materials,  the  Kevlars  exhibit  very  high  tenacity,  low  elongation, 
high  initial  modulus,  and  low  energy  absorption. 

2.  When  the  rate  of  strain  is  increased  to  8000%/ sec  at  70°F,  the  tensile 
behavior  of  the  Kevlars  remains  somewhat  unique.  Tenacity  drops  an 
average  of  14%  and  rupture  elongation  is  virtually  unchanged.  The  high 
strain  rote  behavior  of  PBI  is  more  typical  of  that  associated  with  previ- 
ously known  textile  materials.  Ai  8000%/so:,  the  tenacity  of  PBI  increased 
8%  and  the  rupture  elongation  decreased  21%. 

3.  All  four  yarn  types  retained  useful  tensile  properties  up  to  approximately 
600°F.  Above  this  temperature  rupture  elongation  and,  therefore,  rup- 
ture energy , fall  off  drastically , though  significant  strength  was  rotuined 
even  at  800°F . 

4.  At  elevated  temperatures,  the  high  strain  rute  tensile  performance  of  the 
Kevlars  is  generally  superior  to  that  recorded  at  Instron  testing  speeds . 
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5. 


At  a temperature  of  -65°F,  both  high  and  low  strain  rate  testing  of  Kevlar 
yarn  revealed  only  minor  changes  in  tensile  properties  from  those  at  70°F. 
However,  PBI,  Nylon,  and  Nomex  are  affected  by  subambient  temperatures 
when  tested  at  0,167%/ sec,  all  three  showing  significant  increases  in 
tenacity  and  decreases  in  rupture  elongation.  At  the  higher  strain  rate, 
the  effect  of  subambient  temperatures  on  PBI , nylon , and  Nomex  becomes 
a much  less  important  factor . 

6.  The  great  potential  of  Kevlar  29  as  an  improved  replacement  for  nylon  in 
many  high  impact,  high  temperature  applications  has  been  noted  previ- 
ously . However,  the  low  level  of  energy  absorption  available  with  Kevlar  29 
may  limit  this  potential  in  certain  cases.  Due  to  vast  differences  in  the 
tensile  properties  of  Kevlar  29  and  nylon,  each  design  application  would 
merit  a thorough  review  before  substitution  with  Kevlar  29  is  made. 
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SECTION  III 


CRITICAL  IMPACT  VELOCITY 


Critical  velocity  is  defined  as  the  lowest  impact  velocity  at  which  the  speci- 
men , in  this  case  a yarn , fails  immediately  at  the  point  of  impact . It  is  the 
lowest  striking  velocity  at  which  there  is  no  strain  propagation  away  from  the 
point  of  impact.  The  specimen,  therefore,  breaks  without  absorbing  any  of  the 
kinetic  energy  of  the  impacting  mass. 

Critical  velocity  is  determined  using  a .22  caliber,  smooth-bore  rifle  and 
a notched  bullet.  Before  striking  the  sample,  the  bullet  breaks  a tinfoil  strip, 
electrically  triggering  an  EG&G  Multi -Microflash  unit  which  emits  fifteen  sep- 
arate, high-intensity  light  flashes,  each  with  a duration  of  approximately  one 
microsecond.  The  time  interval  between  flashes,  whieh  is  adjustable,  is  usually 
on  the  order  of  20  to  30  microseconds . The  position  of  both  the  bullet  and  the 
test  specimen  before,  during,  and  after  impact  is  recorded  on  a multiple 
exposure  Polaroid  print  via  open- shutter  photography  in  a darkened  room. 

After  striking  thr  specimen,  the  bullet  passes  through  a timing  trap  and  its 
velocity  is  recorded.  For  experimental  purposes,  critical  velocity  is  taken 
to  be  that  impact  velocity  at  which  rupture  of  the  specimen  occurs  at  the 
point  of  impact  within  20  to  30  microseconds  after  impact.  By  making  a 
number  of  tests  over  a range  of  impact  velocities,  it  is  possible  to  determine 
the  velocity  at  which  the  test  specimen  ruptures  before  the  second  exposure 
after  impact,  i.e. , within  20  to  30  microseconds  after  impact.  This  impact 
velocity  is  the  critical  velocity. 

Both  lateral  impact  (fl  = 00°)  and  45°  impaet  (jl  ® 45°)  critical  velocities 
were  determined  for  four  yarn  types:  Kevlar  29,  Kevlar  49,  PRD-49  IV,  and 
FBI . This  data  is  reported  in  Table  9 . Critical  velocity  level  is  generally 
regarded  us  an  indicator  of  tensile  impaet  performance.  For  example, 
du  Pont  Type  702  industrial  nylon , frequently  selected  for  use  in  situations 
where  energy  absorption  at  high  strain  rates  is  a vital  requirement,  has  a 
relatively  high  lateral  critical  velocity  of  approximately  2000  fps , On  the 
other  hand,  high  modulus  fibers  such  as  gloss.  Thortiel,  Chrome!  H.  and 
stainless  steel  all  have  relatively  low  lateral  critical  velocities,  i.e. , less  than 
1000  fps,  and  the  energy  absorbing  capabilities  of  these  fibers  at  high  strain 
rates  are  also  low.  The  lateral  critical  velocities  reported  in  Table  9 for 
Kevlar  29,  Kevlar  49,  and  PRD-49  IV  (1875,  1625,  and  1750  respectively) 
are  high  enough  to  suggest  successful  application  of  these  materials  in  high 
strain  rate  situations.  And  it  is  particularly  significant  that  these  high 
modulus,  tow  elongation  fibers  have  critical  velocity  values  much  closer  to 
that  of  nylon  than  to  those  of  other  available  high  modulus  fibers.  Although 
the  relatively  low  energy  absorption  of  the  Kevlars  (see  Figure  1 2)  may  be  a 
drawback  in  certain  instances,  the  high  tenacity,  high  modulus,  and  high 
critical  velocity  values  measured  indicate  suitability  in  applications  requiring 
improved  impact  performance . 


TABLE  9 


CRITICAL  VELOCITY  TEST  DATA  (fps) 


Kevlar  29 
1000  denier 


Kevlar  49 
400  denier 


PRD-49  IV 
400  denier 


PBI 

200  denier 


0 = 90° 

0 = 45° 

1610 

Well  below  critical 

706 

Well  below  critical 

1628 

Below  critical 

741 

Just  below  critical 

1785 

Below  critical 

784 

Critical 

1868 

Near  critical 

823 

Just  above  critical 

1873 

Near  critical 

835 

Above  critical 

1922 

Just  above  critical 

904 

Above  critical 

1936 

Above  critical 

Critical 

velocity : 

Critical  velocity: 

1875  fps  ± 50 

775  fps  ± 50 

1178 

Well  below  critical 

598 

Well  below  critical 

1518 

Well  below  critical 

673 

Well  below  critical 

1535 

Well  below  critical 

714 

Below  critical 

1549 

Well  below  critical 

746 

Critical 

1581 

Near  critical 

788 

Above  critical 

1590 

Near  critical 

794 

Above  critical 

1594 

Near  critical 

915 

Well  above  critical 

1685 

Near  critical 

1697 

Near  critical 

1712 

Above  critical 

1722 

Above  critical 

2500 

Above  critical 

Critical  velocity  '• 

Critical  velocity: 

1625  fps  + 50 

740  fps  t 50 

1502 

Well  below  critical 

652 

Well  below  critical 

1688 

Below  critical 

673 

Well  below  critical 

1696 

Near  critical 

698 

Below  critical 

1712 

Near  critical 

726 

Below  critical 

1722 

Near  critical 

754 

Near  critical 

1750 

Critical 

760 

Near  critical 

1804 

Just  above  critical 

796 

Near  critical 

1812 

Above  critical 

844 

Above  critical 

1859 

Above  critical 

849 

Above  critical 

1882 

Above  critical 

864 

Well  above  critical 

Critical  velocity : 

Critical  velocity: 

1750  fps  ± 50 

775  fps  t 50 

1312 

Well  below  critical 

604 

Well  below  critical 

1428 

Just  below  critical 

G05 

Well  bolow  critical 

1449 

Critical 

632 

Below  critical 

1496 

Just  above  critical 

719 

Below  critical 

1562 

Above  critical 

723 

Near  tin. leal 

1638 

Above  critical 

734 

Near  critical 

738 

Near  eritica3 

805 

Above  critical 

Critical  velocity  : 

Critical  velocity: 

1450  fps  t 50 

725  fps  * 50 
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SECTION  IV 


FIBER  PROPERTIES 


1 .  Specific  Gravity  of  Kevlar  and  PBI  Fibers 

Measurements  of  the  specific  gravity  of  Kevlar  29,  Kevlar  49,  PRD-49  IV  and 
PBI  fibers  were  made  in  a density  gradient  column.  The  results  are  given  in 
Table  10. 

TABLE  10 


SPECIFIC  GRAVITY  OF  FOUR  FIBERS 


Material 


Specific  Gravity 


Kevlar  29  1.45 

Kevlar  49  1.45 

PRD-49  IV  1.45 

PBI  1.33 


2.  Diameter  of  Kevlar  Fibers 


The  diameter  of  Kevlar  29  and  Kevlar  49  fibers  was  measured  using  a 
projection  microscope.  Over  20  individual  measurements  on  each  material 
yielded  the  same  result:  12pm  or  0.00047  inch.  The  precision  of  this  mea- 
surement is  ±0,5pm  or  0.00002  inch. 

Tiie  fiber  denier  calculated  from  this  value  of  diameter  and  the  specific 
gravity  is  1 .5  for  both  Kevlar  29  and  Kevlar  49. 

3.  Moisture  Regain  of  Kevlar  Fibers  at  7Q°F,  G5%RH 

The  moisture  regain  of  Kevlar  29  and  Kevlar  49  was  determined  according 
to  ASTM  Test  Method  1)1909,  The  specimens  were  dried  at  105°C  for  2 hours, 
weighed,  allowed  to  condition  to  a 70°F,  05IRII  atmosphere  for  48  hours,  then 
weighed  again.  The  values  obtained  are  given  in  Table  11 . 

TABLE  11 

MOISTURE  REGAIN  OF  KEVLAR  FIBERS  AT  70°F,  65%1U1 

Material  Moisture  Regain  {%) 

Kevlar  29  3.9 

3.9 

Avg  3.9 

Kevlar  49  4.6 

4.6 


4.  Tensile  Properties  of  Kevlar  Fibers 


The  tensile  properties  of  Kevlar  29  and  Kevlar  49  fibers  were  measured  at 
70°F  and  0.167%/ sec  (10%/min)  strain  rate  in  order  to  determine  the  transla- 
tional efficiency  of  fiber  to  yarn  properties . The  fibers  tested  were  removed 
from  those  packages  of  untwisted  yarn  supplied  for  the  investigation  of  twist  on 
yarn  properties;  these  were  not  the  same  packages  of  yarn  used  in  the  evaluation 
of  yarn  tensile  properties  at  various  temperatures  and  testing  speeds . 

The  fibers  were  mounted  on  cardboard  tabs  with  Epon  820  epoxy  cement  for 
testing. 

A summary  of  the  data  obtained  is  given  in  Table  12;  individual  test  data  is 
contained  in  Table  24  of  the  Appendix . 

TABLE  12 

SUMMARY  OF  TENSILE  PROPERTIES  OF  KEVLAR  FIBERS 


Material 

Gauge 

Length 

(inch) 

No. 

of 

Tests 

(70°F, 

0.167%/ sec) 

Initial 

Modulus 

(gpd) 

Maximum 

Modulus 

(gpd) 

Rupture 

Elong 

(%) 

Rupture 

Tenacity 

(KPd) 

Kevlar  29 

1.0 

13 

Avg 

Range 

CV(%) 

— 

4.4 

4. 0-4. 9 
7.2 

26.9  (499) 
24.0-29.0 
5.5 

3.0 

29 

Avg 

Range 

CV(%) 

564  (10.5) 
463-656 
10.6 

703  (13.0) 
643-768 
5.0 

4.1 

3. 5-4. 6 
8.0 

26.7  (495) 
23.6-29.1 
4.4 

5.0 

30 

Avg 

Range 

CV<%) 

546  (10.1) 
420-651 
11.0 

755  (14.0) 
657-812 
5.7 

3.9 

3. 6-4. 4 
4.7 

25.6  (475) 
21.9-28.6 
6.4 

Kevlar  49 

1.0 

17 

Avg 

Range 

CV<%) 

**“  ** 

2.7 

2. 1-3.1 
11.4 

26.2  (486) 
20.6-32.0 
12.9 

5.0 

18 

Avg 

Range 

CV<%) 

989  (18.4) 
910-1061 
4.0 

1088  (20.2) 
1039-1136 
2.5 

2.3 

1.9-2. 8 
10.9 

23.8  (442) 
19.0-28.2 
11.3 

The  numbers  in  parentheses  give  the  modulus  in  10*  psi  units,  or  the  rupture  stress 
in  10*  psi  units. 
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Various  lengths  of  fiber  were  tested  to  determine  whether  a machine 
compliance  correction  should  be  applied  to  the  data;  it  was  not  necessary. 
However,  a discrepancy  in  the  initial  modulus  values  of  Kevlar  29  obtained 
at  gauge  lengths  of  3.0  and  5.0  inches  was  apparent  which  led  to  further  test- 
ing at  these  gauge  lengths . (A  modulus  determination  for  a gauge  length  of 
1 . 0 inch  is  not  considered  sufficiently  precise  to  report . ) 

Reference  to  Table  24  in  the  Appendix  shows  the  separate  averages  for  two 
groups  of  tests  on  Kevlar  29  at  both  3.0  and  5.0  inch  gauge  lengths;  the  average  initial 
modulus  of  test  group  II  at  a 3.0  inch  gauge  length  agrees  with  that  of  test 
group  I at  a 5 . 0 inch  gauge  length;  similarly , the  average  initial  modulus  of 
test  group  I at  a 3 . 0 inch  gauge  length  is  in  close  agreement  with  that  of  test 
group  II  at  a 5.0  inch  gauge  length.  The  Student' s-t  test  for  the  difference  be- 
tween two  means  indicates  a significant  difference  at  the  97.5%  confidence  level 
between  the  average  initial  modulus  values  of  the  two  groups  at  the  two  gauge 
lengths . The  mean  rupture  tenacities  of  the  two  groups  are  not  significantly 
different  at  this  confidence  level  at  either  gauge  length;  the  average  rupture 
elongations  measured  at  3.0  inches  are  significantly  different  while  those 
measured  at  5. 0 inches  are  not.  The  property  values  listed  in  the  summary 
table  represents  composite  averages  and  CV's  of  the  data  from  the  separate  test 
groups . 

Thus,  the  initial  modulus  of  Kevlar  29  fibers  varies  widely  both  between 
test  groups  as  indicated  by  significantly  different  average  values  and  within 
test  groups  as  indicated  by  the  high  coefficients  of  variation  (CV)  obtained. 

The  initial  modulus  values  obtained  for  the  Kevlar  49  fibers  do  not  exhibit  a 
wide  variation  as  indicated  by  the  fairly  low  CV . The  rupture  tenacity  and 
elongation  are  more  variable,  however,  showing  CV's  greater  than  10%  at 
both  1.0  and  5.0  inch  gauge  lengths. 

Both  fibers  show  a modest  gauge  length  effect:  the  rupture  tenacity  and 
elongation  both  decrease  as  the  gauge  length  increases,  indicating  some 
degree  of  flaw -dependent  behavior.  The  data  obtained  at  a 5.0  inch  gauge 
length  will  be  used  subsequently  for  comparison  with  yarn  properties . 

Kevlar  29  exhibits  approximately  the  same  rupture  tenacity  as  Kevlar  49, 
almost  twice  the  rupture  elongation  and  half  the  initial  modulus.  Average 
stress-strain  diagrams  of  the  two  materials  based  on  the  5.0  inch  gauge  length 
tests  are  presented  in  Figure  17. 

5.  Bending  Modulus  of  Kevlar  Fibers 

The  bending  modulus  of  Kevlar  29  and  Kevlar  49  fibers  was  determined 
using  the  Searle  double  pendulum  apparatus  [1] . The  values  obtained  are 
givon  in  Table  13  which  shows  that  the  bending  modulus  is  somewhat  lower 
than  the  observed  fiber  tensile  modulus  in  both  cases.  The  results  for  Kevlar  29 
show  a wider  variation  than  those  for  the  Kevlar  49  as  was  the  case  with  the 
tensile  modulus  measurements . 
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TABLE  13 


BENDING  MODULUS  OF  KEVLAR  FIBERS 
Searle  Double  Pendulum  Method 


Material 

Bending 

Modulus 

(gpd) 

Initial 

Tensile 

Modulus 

(gpd) 

Calculated  Axial 
Compressive  Modulus 
(gpd) 

Kevlar  29 

Avg 

393 

591 

345 

413  (7.7) 

546  (10.1) 

319  (5.9) 

Kevlar  49 

Avg 

862 

808 

787 

822  (15.3) 

989  (18.4) 

603  (11.2) 

The  numbers  in  parentheses  give  the  modulus  in  106  psi  units. 


The  axial  compressive  modulus  can  be  calculated  from  the  ratio  of  bending 
to  tensile  modulus  using  a relationship  derived  by  Freeston  [2]  which  assumes 
displacement  of  the  neutral  axis  during  bending.  These  calculated  values  are 
also  given  in  Table  13  and  show  an  axial  compressive  modulus  approximately  60% 
of  the  tensile  modulus . 

6‘  Dynamic  Modulus  of  Kevlar  and  PBI  Fibers 

The  dynamic  modulus  [3]  of  Kevlar  29,  Kevlar  49,  PRD-49  IV,  and  PBI  was 
measured  on  a Pulse  Propagation  Meter*  under  a nominal  tension  of  1/2  gpd. 

The  values  obtained  are  given  in  Table  14 . Comparison  data  for  nylon  and  Nomex 
are  also  included  [4] . 

Usually,  the  greater  the  degree  of  crystalline  alignment  of  the  material  being 
measured , the  more  closely  the  dynamic  and  static  modulus  measurements  agree . 
As  expected,  the  ratio  of  dynamic  to  static  modulus  for  the  Kevlars  and  the 
PRD-49  IV  are  much  lower  than  those  for  nylon  and  Nomex.  The  ratio  for  PBI, 
however , is  surprisingly  low  for  a material  not  regarded  as  particularly 
crystalline . 


♦Manufactured  by  H.  M.  Morgan  Co. , Inc. , Cambridge,  Massachusetts. 
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TABLE  14 


DYNAMIC  MODULUS  OF  KEVLAR  AND  PBI 


Material 

Dynamic 

Modulus 

(Epd) 

Static 

Modulus 

(KPd) 

Ratio  Dynamic/ 
Static  Modulus 

Kevlar  29 

Avg 

743 

743 

729 

738  (13.7) 

546*  (10.1) 

1.35 

Kevlar  49 

Avg 

1121 

1121 

1054 

1049  (19.5) 

989*  (18.4) 

1.11 

PRD-49  IV 

Avg 

930 

917 

910 

919  (17.1) 

746**  (13.8) 

1.23 

PBI 

Avg 

172 

165 

167 

168  (3.1) 

126**  (2.3) 

1.33 

Nylon 

88  (1.6) 

44**  (0.8) 

2.00 

Nomex 

181  (3.4) 

113**  (2.1) 

1.60 

♦Fiber  modulus. 

♦♦Untwisted  yarn  modulus:  fiber  data  not  available. 

The  numbers  in  parentheses  give  the  modulus  in  10a  psi  units. 
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SECTION  V 


TWISTED  KEVLAR  YARNS 


1.  Tensile  Properties  of  Twisted  Kevlar  Yarns 

The  effect  of  twist  on  the  tensile  properties  of  high  modulus,  low  elon- 
gation yarns  may  be  expected  to  be  greater  than  on  yarns  having  more  usual 
textile  properties.  Since  high  twist  levels  might  be  desirable  in  some 
textile  structures,  it  was  decided  to  study  the  effect  of  twist  on  some  of  the 
properties  of  Kevlar  29  and  Kevlar  49  yarns . 

Because  the  Kevlar  29  being  studied  is  approximately  1000  denier  and 
the  Kevlar  49  only  400  denier , comparisons  of  yarns  twisted  to  the  same 
surface  helix  angle  are  more  appropriate  than  for  those  twisted  the  same  number 
of  turns  per  inch  twist . Accordingly , small  quantities  of  yarn  were  twisted 
on  a standard  twisting  frame  to  twist  levels  corresponding  to  estimated 
surface  helix  angles  of  10°,  20°,  and  30°.  In  fact,  the  resulting  twisted 
yarns  resembled  ribbon  twisted  structures  rather  than  the  ideal  helically 
twisted  structure  often  assumed  in  analyses  of  yarn  behavior . It  is  not  as 
yet  certain  whether  the  ribbon  twisting  is  the  result  of  the  flattened  form  of  the 
untwisted  yarn  or  of  the  high  modulus , low  elongation  properties  of  the  fiber 
which  would  tend  to  prohibit  the  large  length  differentials  between  filaments 
inherent  in  the  helically  twisted  structure . 

The  tensile  properties  of  these  yarns  were  determined  at  a strain  rate  of 
0.167%/ sec  (10%/min)  using  the  1.0  inch  diameter  capstan  jaws  described  in 
Section  II  - 2 . With  this  jaw  system , the  nominal  specimen  length  is  equivalent  to 
twice  the  nominal  gauge  length.  A summary  of  the  properties  determined  with  a 
20  inch  specimen  length  are  given  in  Table  15,  actual  twist  and  denier  values 
are  also  tabulated.  Individual  data  may  be  found  in  Table  25  of  the  Appendix. 
The  effect  of  twist  on  yarn  rupture  tenacity  is  plotted  in  Figure  18;  of  twist  on 
initial  modulus  in  Figure  19.  Typical  stress-strain  diagrams  of  the  twisted  yarns 
are  presented  in  Figures  20  and  21. 

The  data  show  a large  decrease  in  tenacity  for  the  untwisted  yarn  bundle 
for  both  Kevlar  materials  based  on  the  strength  of  individual  fibers . The 
bundle  efficiency  of  the  untwisted  Kevlar  29  yarn  is  only  82%;  that  of  the 
Kevlar  49,  79%.  These  low  values  may  be  due  to  several  factors:  a)  the  influ- 
ence of  variation  in  fiber  properties;  b)  the  possibility  of  compressive  damage 
due  to  crossing  fibers  on  the  snubbing  surfaces  of  the  capstan  jaws;  and 
c)  unequal  loading  of  the  filaments  in  the  yarn  bundle  resulting  from  differ- 
ences in  filament  length  within  the  bundles.  These  length  differences  are 
undoubtedly  small  but  their  effect , combined  with  a variation  in  fiber  proper- 
ties, can  be  disastrous  where  low -elongation  materials  are  concerned.  The 
greater  strength  of  both  the  Kevlar  29  and  Kevlar  49  yarns  twisted  to  a nominal 
surface  helix  angle  of  10°  tends  to  confirm  the  effect  of  length  differentials  in 
tho  untwisted  yarn  bundle  since  such  differentials  would  tend  to  be  somewhat 
equalized  in  a slightly  twisted  structure . 
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3 

Elongation  (%) 


Figure  20. 


Typical  Stress-Strain  Diagrams  of  Kevlar  29 
Twisted  Tarn 
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TAB; -Ii  15 


TENSILE  PROPERTIES  OF  TWISTED  KEVLAR  YARNS 
(20-inch  specimen  length) 


Material 

Estimated 

Surface 

Helix 

Angle* 

(°) 

Yarn 

Twist 

(tpi) 

Denier 

Initial 

Modulus 

(gpd) 

Rupture 

Elong 

(%) 

Rupture  Strength  Change 
Tenacity  (%) 

(gpd)  **  *** 

Kevlar  29 

0 

0 

1057 

587  (10.9) 

3.2 

21.1  (392) 

-18 

--- 

10 

3.G 

1072 

539  (10.0) 

3.8 

24.3  (451) 

- 5 

+15 

20 

8.0 

1117 

387  (7.2) 

4.0 

19.7  (366) 

-23 

- 7 

30 

14.0 

1185 

149  (2.8) 

5.2 

11.9  (221) 

-54 

-44 

Kevlar  49 

0 

0 

405 

938  (17.4) 

2.0 

18.9  (351) 

-21 

— 

10 

6.5 

406 

828  (15.4) 

2.2 

20.3  (377) 

-15 

+ 7 

20 

13.8 

432 

375  (7.0) 

2.6 

14.8  (275) 

-38 

-22 

30 

22.3 

458 

154  (2.9) 

4.1 

9.8  (182) 

-59 

-48 

♦Based  on  a helically  twisted  model  structure. 

♦♦Based  on  individual  fiber  strength. 

♦♦♦Bused  on  the  strength  of  the  untwisted  yarn. 

The  numbers  in  parentheses  give  the  modulus  in  10£  psi  units  or  the  rupture  stress  in 
10s  psi  units. 


Neither  the  drastic  decrease  in  tenacity  with  twist  after  the  initial  increase 
at  the  lowest  twist  level  nor  the  large  deer  cares  in  initial  modulus  throughout 
the  range  of  twists  illustrated  in  Figure;*  18  and  19  can  be  explained  on  the 
basis  of  a simple  yarn  mode*  taking  into  account  only  geometrical  changes  in  yarn 
structure  with  twist.  The  dashed  line  ’n  Figure  19  represents  the  initial  modulus 
predicted  by  the  use  of  the  expression  Ky  = E{)  eos*D  where  E„  and  K0  are  the 
twisted  and  untwisted  yarn  moduli  respectively  and  is  the  surface  helix  angle  of 
the  yarns  (5)  This  expression  is  derived  from  an  ideal  model  of  a helically 
twisted  structure.  The  actual  moduli  of  the  Kevlar  yarns  fall  off  much  more 
rapidly  with  twist  than  this  simple  model  predicts.  The  fact  that  the  real  structure 
is  more  like  a twisted  ribbon  than  a helically  twisted  structu*  .’  would  imply  that  the 
fall -off  of  modulus  with  twist  should  be  faster  than  predicted  by  the  cos*  0 law.  How- 
over,  the  actual  structure  has  not  yet  been  analyzed  in  sufficient  detail  to  allow  a 
more  reliable  model  to  be  set  up , 

In  an  effort  to  attribute  these  large  changes  in  tenacity  and  Initial  modulus  to 
other  than  geometrical  factors  arising  from  the  twisted  state  tensile  properties  of 
the  following  were  investigated:  fibers  removed  from  twisted  yarns;  twisted  fibers: 
fibers  previously  bint:  laterally  compressed  fibers . 

a.  Effect  of  Twist  on  the  Tensile  Properties  of  Kevlar  Filaments 

In  order  to  determine  to  what  extent  the  loss  in  strength  of  the  twisted 
yarns  wus  due  to  filament  damugu . tensile  tests  were  performed  on  single  filaments 
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removed  from  the  twisted  yarns.  These  filaments  were  mounted  on  cardboard 
tabs  with  epoxy  cement  and  tested  using  a 5.0  inch  gauge  length  and  0.167%/sec 
(10%/min)  strain  rate.  The  tensile  properties  given  in  Table  15  and  Table  25 
of  the  Appendix,  and  the  rupture  tenacity  plotted  as  a function  of  yarn  twist  in 
Figure  22  show  loss  of  fiber  strength  increasing  with  yarn  twist,  becoming  quite 
severe  at  the  highest  twist  levels:  up  to  25%  for  Kevlar  29  and  32%  for  Kevlar  49. 
This  loss  in  strength  of  individual  filaments  within  the  twisted  yarn  structures 
accounts  for  roughly  one-haif  of  the  yarn  strength  loss  observed  at  the  highest 
twist  levels  based  on  the  original  fiber  strength.  In  addition,  the  data  in  Table  16 
show  a decrease  in  fiber  modulus  with  increasing  yarn  twist  suggesting  that  some 
permanent  disorientation  of  the  fiber  molecular  structure  occurs  as  the  result  of 
yarn  twisting. 

Further  tests  were  carried  out  to  determine  if  the  insertion  of  twist  alone 
into  a single  filament  on  the  order  of  the  amount  of  twist  imposed  on  the  yarns 
was  sufficient  to  cause  significant  loss  in  strength  and  decrease  in  mod.ulus. 
Single  filaments  of  Krvlar  29,  5.0  inches  long,  were  twisted  to  levels  of  8 and  14 
tpi  and  then  tensile  tested.  The  results,  summarized  in  Table  17  and  given 
individually  in  Table  27  of  the  Appendix,  show  no  significant  change  in  any  of 
the  fiber  tensile  properties  with  imposed  twist.  Therefore,  it  does  not  appear 
that  the  fiber?,  removed  from  the  twisted  yarns  were  damaged  by  twist  alone. 

TABLE  16 

TENSILE  PROPERTIES  OF  FIBERS  REMOVED  FROM  TWISTED  YARNS 

(5.0  inch  gouge  length) 


Yarn 

Initial 

Ruptur 

Rupture 

Strength 

Twist 

Modulus 

Elongation 

Tenacity 

Change 

Material 

(tpi) 

(KPd) 

m 

_to!) 

(%> 

Kevlar  29 

0 

546  (10.1) 

3.9 

35.6  (475) 

— 

3.6 

555  (10. 3) 

3.7 

23.9  (444) 

- 7 

8,0 

514  (9.5) 

3.7 

22. t (410) 

*14 

14.0 

523  (9.7) 

3.2 

19.3  (358) 

-45 

Kevlar  49 

0 

989  08,4) 

2.3 

23.8  (442) 

6.5 

O 

V* 

ZD 

-4 

OB 

W 

2.2 

22.6  (419) 

- 5 

13.6 

931  (17.3) 

S.9 

18.8  (349) 

“21 

22.3 

913  (16,9) 

1.7 

16.1  (303) 

“32 

TABLE  17 

TENSILE  PROPERTIES  OF  TWISTED  KEVLAR  29  FIBERS 
(5.0  inch  gauge  length) 


Initial 

Rupture 

Rupture 

Twist 

Modulus 

Elongation 

Tenacity 

<gpd> 

n) ... 

0 

$46  <10.1) 

3.9 

25. 6 (475) 

8 

852  <i(J,2) 

3.8 

25.6  (179) 

14 

566  (18.5) 

3.6 

25.8  (479) 

The  numbers  Sin  parentheses  give  the  modulus  in  10®  psi  units  or  the 
rupture  stress  in  101  psi  units. 
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Yarn  Twist  (tpi) 


Figure  22.  Strength  of  Filaments  Removed  from  Twisted  Kevlar  Yarns 


b.  Effect  of  Bending  History  on  the  Tensile  Properties  of  Kevlar  49 
Filaments 

In  order  to  determine  to  what  extent  bending  alone  is  responsible  for 
the  degradation  noted  in  Kevlar  fibers  removed  from  twisted  yarns,  Kevlar  49 
fibers  taken  from  untwisted  yarns  were  bent  to  various  degrees,  straightened 
and  tensile  tested . The  bending  was  imposed  by  wrapping  the  filaments  around 
mandrels  chosen  so  that  their  diameters  corresponded  roughly  with  the  maximum 
theoretical  curvature  of  fibers  in  yarns  twisted  to  10,  20  and  30°  surface  helix 
angles . The  mandrel  diameters  used  and  the  data  obtained  are  summarized  in 
Table  18,  and  given  individually  in  Table  28  of  the  Appendix.  (Equivalent  maxi- 
mum bending  strains,  s,.  are  also  noted .)  Since  the  diameter  of  the  traveller  over 
which  the  yarn  passes  on  the  twisting  frame  is  on  the  order  of  0.15  inch,  mandrel 
diameters  of  0.086  and  0.040  inch,  equivalent  to  surface  helix  angles  of  20  and  30°, 
are  sufficiently  small  to  show  any  additional  effects  of  bending  arising  from  the 
twisted  yarn  geometry . 


TABLE  18 

TENSILE  PROPERTIES  OF  PREVIOUSLY  BENT  KEVLAR  49  FIBERS 
(1.0  inch  gauge  length) 


Mandrel 

Diameter 

(inches) 

Initial 

Modulus 

(gpd) 

Rupture 

Elongation 

(%) 

Rupture 

Tenacity 

(gpd) 

Strength 

Change 

(%) 

0 

989  (18.4) 

2.7 

26.2  (486) 

0.33 

(e  - 0.14%) 

974  (18.1) 

2.5 

24.4  (453) 

-7 

0.086 

(e  = 0.54%) 

692  (18.4) 

2.5 

24.9  (462) 

-5 

0.040 

(e=  1.16%) 

960  (17.8) 

2.5 

24.0  (445) 

-8 

The  numbers  in  parentheses  give  the  modulus  in  10*  psi  units,  on  the 
rupture  stress  in  10*  psi  unitB. 

The  fibers  were  tested  at  0.167%/sec  (10%/min)  struin  rate  using  a 
1 .0  inch  gauge  length,  The  data  in  Table  18  shows  only  small  losses  in  strength 
suffered  by  the  previously  bent  filaments  and  only  a small  decrease  in  modulus 
at  the  highest  twist;  correlation  with  degree  of  bending  is  not  marked . It  is 
thus  apparent  that  bending  imposed  during  twisting  is  not  by  itself  responsible 
for  the  20-30%  strength  losses  previously  reported  for  Kevlar  49  filaments 
removed  from  twisted  yarns  nor  for  the  6-8%  decrease  in  initial  modulus. 

c . Effects  of  Transverse  Compression  on  the  Strength  of  Kevlar  Fibers 

Since  individual  filaments  in  twisted  yarns  under  tension  must  suffer 
an  appreciable  degree  of  transverse  compression,  experiments  were  performed 
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to  determine  if  degradation  in  strength  of  Kevlar  29  and  Kevlar  49  fibers  is 
caused  by  transverse  compression.  Also  tested  was  2 denier  nylon  fiber  for 
comparison.  The  test  apparatus  consisted  of  two,  optically  flat,  parallel  steel 
platens  mounted  in  an  Instron.  Fibers  were  aligned  unidirectionally  between 
the  platens  and  compressed  at  the  rate  of  0.02  inch/min  to  a preset  load  value. 
The  specimens  were  then  tensile  tested  in  the  same  manner  as  described  in 
Section  IV -4  using  a 1.0  inch  gauge  length. 

Transverse  loads  of  18  lb  and  110  lb  per  fiber  linear  inch  were 
imposed  on  the  fibers  over  a length  of  approximately  0.45  inch.  The  transi- 
tion regions  between  compressed  and  uncompressed  fiber  involved  very  grad- 
ual changes  in  geometry , thus  reducing  the  possibility  of  stress  concentra- 
tions. The  Kevlar  fibers  appeared  to  undergo  plastic;  yielding  upon  compres- 
sion but  retained  integrity  surprisingly  well  with  only  slight  fibrillation. 

The  nylon  fibers  also  exhibited  a yield  in  compression . The  fiber  cross- 
sectional  aspect  ratios  averaged  ~5: 1 after  18  lb/inch  compressive  loading 
and  ~12: 1 after  110  lb/inch.  Elastic  indentation  of  the  platens  by  the  fibers 
at  such  high  transverse  loadings  was  likely,  however,  so  that  some  of  the  load 
may  have  been  borne  by  contacting  platens  and  the  true  loads  on  each  fiber 
specimen  were  possibly  less  than  those  stated . 

The  results  of  the  tensile  tests  performed  on  the  compressed  fibers  are 
summarized  in  Table  19;  individual  test  results  are  given  in  Table  29  in  the 
Appendix.  The  compressed  Kevlar  fibers  lost  11-15% of  their  strength  at 
18  lb/inch  and  22-25%  at  110  lb/inch.  Although  no  estimate  of  compressive 
forces  acting  in  a twisted  yarn  are  available,  the  higher  load  level  of 
110  lb/linear  inch  is  thought  to  be  extremely  high.  Thus,  it  is  unlikely  that 
fibers  in  a highly  twisted  yarn  even  under  tension  would  lose  more  than  10-15% 
of  their  strength  due  to  transverse  compression.  The  nylon  fibers  suffered  a 
lossor  degree  of  strength  degradation  in  compression  than  the  Kevlar  fibers. 

An  exact  measure  of  the  modulus  of  the  compressed  fibers  cannot  be 
obtained  from  the  stress-strain  curves  because  the  fibers  were  deformed  over 
only  about  half  of  their  length . However , an  estimate  of  the  poi’centago 
decrease  in  modulus  with  increasing  compressive  load  can  bo  made  for  the 
Kevlar  fibers  by  dividing  the  maximum  stress  by  the  maximum  strain  since  the 
compression  eurvos  arc  approximately  linear.  This  estimate,  also  includod  in 
Table  19,  shows  u significant  decrease  in  the  modulus  of  both  Kevlar  materials 
oven  at  the  lower  load  lovel. 

d.  Summary 

The  largo  decreosos  in  tenacity  shown  by  the  highly  twisted  Kevlar 
yarns  can  be  partially  accounted  for  by  loss  in  filament  strength.  The 
remainder  of  the  strength  loss  cun  probably  be  explained  by  the  combined 
effects  of  geometrical  changes  in  the  yarn  structure  caused  by  twisting, 
statistical  variation  in  fiber  properties,  and  length  variations  in  the  un- 
twisted bundle.  Platt  et  al  16]  have  calculated  values  of  strength  loss  with 
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TABLE  19 


TENSILE  PROPERTIES  OF  TRANSVERSELY  COMPRESSED  KEVLAR  FIBERS 


Material 

Transverse 

Load 

(lbs/inch) 

Estimated 

Modulus 

Change 

(%) 

Rupture 

Strain 

(%) 

Rupture 

Tenacity 

(£Pd) 

Strength 

Change 

(%) 

Kevlar  29 

0 

— — — 

4.0 

23.2  (431)* 

. 

18 

-15 

4.2 

20,7  (384) 

-11 

110 

-20 

3.9 

18.0  (334) 

-22 

Kevlar  49 

0 

— 

2.7 

27.8  (516) 

— 

18 

- 8 

2.5 

23.7  (440) 

-15 

110 

-25 

2.7 

20.8  (386) 

-25 

Nylon 

0 

— 

29 

6.48  (120) 

— 

18 

— 

21 

6.09  (113) 

- 6 

110 

“ 

21 

5.59  (104) 

-14 

twist  for  an  ideal , helically  twisted  yarn  structure  and  a normal  distribution  of 
fiber  strengths;  these  approximate  predictions  appropriate  for  the  Kevlar  yarns 
are  given  in  Table  20,  column  3,  for  comparison  with  the  measured  losses, 
column  1.  As  shown  in  this  table,  the  strength  losses  of  fibers  removed  from  the 
twisted  yarns,  column  2,  when  added  to  the  losses  predicted  by  Platt,  approximate 
the  actual  strength  losses  sufficiently  to  illustrate  the  advisability  of  a statistical 
approach.  Attempts  will  be  made  in  the  coming  months  to  refine  such  an  approach 
perhaps  assuming  a Weibull  rather  than  normal  distribution  of  fiber  properties  and 
including  the  effects  of  filament  length  variations . It  is  hoped  that  the  large 
decreases  in  yarn  modulus  with  twist  can  also  be  explained  as  a part  of  this 
analysis . 

Perhaps  of  more  importance  than  the  decrease  in  yarn  rupture  tenacity 
and  modulus  with  twist  are  the  large  losses  in  the  strength  of  filaments  removed 
from  the  twisted  yarns.  These  losses  cannot  be  fully  explained  by  the  individual 
effects  of  torsion,  bending  and  transverse  compression,  These  three  types  of 
deformation  when  imposed  simultaneously  on  a Kevlar  fiber  as  in  a twisted  yarn, 
apparently  exert  a greater  adverse  effect  on  the  fiber  strength  than  each  acting 
singly . However , it  does  appear  that  transverse  compression  is  capable  of  most 
seriously  altering  the  fiber  properties.  An  understanding  of  the  nature  or 
origin  of  the  damago  to  the  fibers  by  these  types  of  deformation  has  a greater 
range  of  applicability  than  to  twisted  structures  alone,  especially  since  it  appears 
that  torsion  plays  the  least  important  role . Kevlar  yarns  incorporated  into 
textile  structures  of  any  kind  are  likely  to  be  subject  to  various  degrees  of  bond- 
ing and  lateral  compression , and  presumably  will  suffer  the  same  kind  of  degra- 
dation as  in  a highly  twisted  yarn  structure.  Attempts  will  be  made  in  the  com- 
ing months  to  further  describe  the  nature  of  fibor  degradation  resulting  from 
bending  and  lateral  compression . 

The  numbers  in  parentheses  give  the  rupture  stress  in  10*  psi  units. 
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TABLE  20 


STATISTICALLY  PREDICTED  YARN  STRENGTH  LOSSES 
COMPARED  TO  MEASURED  LOSSES 


1 

2 

3 

4 

Measured 

Measured 

Predicted 

Yarn 

Fiber 

Yarn 

Yarn 

Strength 

Strength 

Strength 

Total , 

Twist 

Loss* 

Loss 

Loss** 

2 + 3 

Material 

(tpi) 

(%) 

(%) 

(%) 

(%) 

Kevlar  29 

0 

-18 

10 

-10 

3.6 

- 5 

- 7 

—12 

-17 

8.0 

-23 

-14 

—20 

-34 

14.0 

-54 

-25 

—30 

-55 

Kevlar  49 

0 

-21 

— 

— 20 

-20 

6.5 

-15 

- 5 

—22 

-27 

13.8 

-38 

-21 

H 

) 

l 

-46 

22.3 

-59 

-32 

—36 

-68 

♦On  the  basis  of  average  original  fiber  strength. 

♦♦Assuming  no  fiber  strength  losses  in  the  twisted  structure. 


2.  Effect  of  Specimen  Length  on  the  Rupture  Tenacity  of  Twisted  Kevlar  Yarns 

During  the  course  of  tensile  testing  the  twisted  Kevlar  yarns , the  influence  of 
specimen  length  on  the  measured  ruptured  tenacity  was  investigated . The  results 
are  presented  graphically  in  Figures  23  and  24  which  also  include  the  rupture 
tenacity  of  single  fibers  tested  at  different  gauge  lengths . As  mentioned  previously , 
the  specimen  length  used  in  the  yarn  testing  is  twice  the  stated  gauge  length. 

The  specimen  length  effect  on  rupture  tenacity  is  not  insignificant:  5-10%  loss 
in  strength  for  the  fibers  over  a length  of  1 to  5 inches;  5-10%  loss  in  strength  for 
the  yarns  over  a length  of  10-30  inches,  with  the  exception  of  Kevlar  29  at  the 
lowest  twist  level . Tho  loss  in  strength  of  the  fibers  with  increasing  specimen 
length  is  probably  the  result  of  flaw-dependent  failure.  However,  tho  loss  in 
strength  of  the  yarns  with  increasing  length  probably  also  reflects  the  increased 
probability  that  a longer  length  of  yarn  includos  a greater  degree  of  filament 
length  variation . 

Tho  tenacity,  in  generul,  decreases  linearly  with  increasing  spocimon 
length  over  the  lengths  tested . This  is  disturbing  since  the  anticipated 
end-use  structures  of  Kevlar  such  os  braids  and  webbings  are  likely  to 
be  employed  in  long  lengths.  The  specimen  length  at  which  the  tenacity  of 
the  yarns  ceases  to  decrease  should  be  determined;  or , alternately , the 


52 


0 Fibers 
S 

\ 

\ 

'© 

\ 

-CL 

© 0 tpi 

22  tpi 

10  20  30  40 


Specimen  Length  (inches) 

Figure  24.  Effect  of  Specimen  Length  on  Rupture  Tenacity 
of  Kevlur  49  Yarn 
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existence  of  a preferred  twist  level  should  be  confirmed  at  which  the  gauge 
length  effect  is  minimized,  as  suggested  by  the  flat  curve  for  Kevlar  29 
twisted  3.6  tpi. 

3.  Loop  and  Knot  Strength  of  Kevlar  Yarns 

The  loop  strength  of  Kevlar  29  and  Kevlar  49  yarns  was  measured  in  the 
usual  way  by  interlocking  two  pieces  of  yarn  as  suggested  in  ASTM  Test  Method 
D2256.  The  knot  strength  was  measured  by  tying  a simple  overhand  knot  in  a 
test  specimen.  Both  sets  of  tests  were  performed  using  the  1.0  inch  diameter 
capstan  jaws  described  in  Section  II-2.  A strain  rate  of  0.167%/ sec  (10%/min)  was 
employed  with  a gauge  length  of  10  inches. 

The  resulting  knot  and  loop  strengths  are  reported  in  Table  21  and  Tables 
30  and  31  of  the  Appendix.  The  loop  and  knot  strengths  are  plottea  m 
Figures  25  and 26  with  unlooped,  unknotted  yarn  tenacities  for  comparison;  the 
loop  and  knot  efficiencies  based  on  the  strength  of  the  corresponding  twisted 
but  unlooped  or  unknotted  yarn  are  plotted  in  Figures  27  and  28 . 

TABLE 

LOOP  AND  KNOT  STRENGTH  OF  TWISTED  KEVLAR  YARNS 


Yarn 

Loop 

Twist 

Strength 

Material 

Jt£iL 

J&ESU 

Kevlar  29 

0 

13.6 

3.6 

12.6 

8.0 

11.9 

14,0 

8.5 

Kevlar  49 

0 

10.7 

6.5 

7.8 

13.8 

7.4 

22.3 

6.9 

Loop 

Knot 

Knot 

Efficiency 

Strength 

Efficiency 

<%) 

. <£Pd) 

(%) 

64 

8.5 

40 

52 

7.6 

31 

60 

9.6 

49 

71 

7.6 

64 

57 

7.4 

39 

38 

7.7 

38 

50 

8.2 

55 

70 

6.3 

64 

The  loop  strength  and  efficiency  of  the  yarns  is  in  general  higher  than  the 
knot  strength  and  efficiency.  The  difference  is  greatest  for  the  untwisted  yarns 
probably  becau.se  the  untwisted  yarn  con  flatten  more  in  the  looped  configuration 
than  in  the  knot  configuration  minimizing  bonding  curvature  and  length  differen- 
tials, Both  the  loop  and  knot  efficiencies  show  on  upward  trend  after  on  initial 
decrease  at  the  lowest  twist  level;  this  trend  reflects  the  fact,  illustrated  in 
Figure  25  and  26,  that  the  strength  of  the  twisted  yarn  decreases  more  rapidly 
with  twist  than  the  strength  of  cither  the  knotted  or  looped  twisted  yarn. 

It  is  interesting  to  note  in  Figures  25  and  26  that  the  tensile  knot  and  loop 
strength  curves  of  the  twisted  yarns  cun  be  extrapolated  to  u somewhat  common 
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Yarn  Twist  dpi) 


Figure  25.  Loop  and  Knot  Strength  of  Twisted  Kevlar  29  Yarn 
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Yarn  Twist  (tpi) 

Figure  26.  Loop  and  Knot  Strength  of  Twisted  Kevlar  49  Yarn 
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value  of  twist  not  too  much  greater  than  the  highest  tested:  about  19- 2i  tpi  for 
the  Kevlar  29  and  27-29  tpi  for  the  Kevlar  49.  At  this  value  of  twist  presumably 
the  loop  or  knot  would  impose  no  greater  degree  of  damage  than  occurs  in  the 
twisted  yarn  and  efficiencies  would  approach  100%.  In  fact,  a simplified  analy- 
sis of  the  curvatures  in  the  knot  and  loop  compared  with  filament  curvature  in 
a twisted  yarn  show  that  at  a surface  helix  angle  of  45°,  the  average  yarn  curva- 
ture imposed  by  the  knot  or  loop  equals  the  filament  curvature  imposed  by 
twisting*.  The  twist  levels  corresponding  to  a surface  helix  angle  of  45°  are  ~20 
tpi  for  the  Ke/lar  29  and  -32  tpi  for  the  Kevlar  49,  values  in  good  agreement  with 
the  extrapolated  points . 

Bending  curvatures  imposed  by  the  knot  or  loop  on  the  twisted  yarn  are 
equivalent;  transverse  pressure  arising  in  the  knot  or  loop  region  are  prob- 
ably also  of  the  same  magnitude.  However,  the  length  of  yarn  involved  in  the 
knot  is  greater  than  that  in  the  loop;  hence  the  presence  of  the  knot  probably 
creates  greater  length  differentials  in  the  total  length  of  yarn  being  tested  than 
the  presence  of  the  loop . Perhaps  this  accounts  for  the  generally  lower  knot 
strength  than  loop  strength. 

Conclusions 


Kevlar  29  and  Kevlar  49  yarns  have  remarkable  and  unique  properties  which 
make  them  of  particular  interest  to  the  Air  Force.  Their  high  rupture  tenacities 
offer  the  potential  of  significant  weight  saving  over  nylon,  for  example,  in 
fabrics  having  the  same  strength . Additional  study  is  contemplated  of  other 
properties  such  as  torque-twist-rccovovy  characteristics  and  bonding  recovery , 
in  order  to  provide  the  data  needed  for  design  of  optimum  structures  cf  a varioty 
of  types.  In  addition,  failure  mechanisms  will  be  studied  to  obtain  an  under- 
standing of  some  of  the  unusual  aspects  of  the  behavior  of  these  yarns,  some  of 
which  have  been  described  in  this  report. 


•(The  curvature  of  fibers  in  a twisted  yum,  K^.is  related  to  the  surface  helix 
angle  as  follows: 


V 


, 2ft 
sin  0 

K 


wher*;  R is  the  radius  of  the  yarn  assuming  a round  cross-sectional  shape.  The 
average  yarn  curvature  K?  imposed  by  either  the  knot  or  the  loop,  again  assum- 
ing a round  yarn  geometry,  is 

v - J_ 

2 211 

K2 

The  ratio  — approaches  1 for  0 3 45°. ) 

K1 
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TABLE  22 


INDIVIDUAL  TEST  DATA  FOR  LOW  STRAIN  RATE  TENSILE  TESTS 


Temp 

Material  (°F) 

Denier 

at 

Temp 

(0.167%/ sec) 

Corrected 
Gauge  Rupture 
Length  Tenacity 
(inch)  (gpd) 

Rupture 

Elongation 

(%) 

Initial 

Modulus 

(gpd) 

Energy  to 
Rupture , 
from  Typical 
Curve 
(gpd) 

Kevlar  29  -65 

1530 

10.8 

22.7 

3.5 

637 

23.1 

3.5 

623 

21.0 

3.4 

585 

24.0 

3.6 

621 

23.9 

3.7 

611 

Avg 

22.9 

3.5 

615 

0.40 

70 

1530 

10.8 

21.0 

3.6 

514 

19.8 

3.5 

499 

21.3 

3.7 

508 

21.3 

3.7 

504 

20.6 

3.5 

508 

Avg 

20.8 

3.6 

507 

0.36 

200 

1480 

10.8 

19.3 

3.5 

447 

18.4 

3.3 

448 

19.5 

3.4 

465 

18.7 

3.5 

447 

18.7 

3.4 

428 

Avg 

18.9 

3.4 

447 

0.29 

400 

1450 

10.8 

14.1 

2.9 

388 

13.1 

2.8 

395 

14.2 

3.0 

366 

13.0 

2.9 

363 

14.1 

3.1 

347 

Avg 

13.7 

2.9 

372 

0.19 

600 

1440 

10.8 

7.9 

2.0 

368 

7.3 

1.9 

376 

8.4 

2.1 

342 

7.7 

1.9 

361 

8.6 

2.2 

354 

Avg 

8.0 

2.0 

360 

0.08 

800 

1460 

10.7 

2.7 

0.8 

381 

2.3 

0.6 

386 

1.6 

0.5 

361 

2.2 

0.6 

378 

2.7 

0.8 

356 

Avg 

2.3 

9.7 

372 

0.01 

65 


TABLE  22  (Cont.) 


INDIVIDUAL  TEST  DATA  FOR  LOW  STRAIN  RATE  TENSILE  TESTS 

(0.167%/sec) 


Temp 

Material  (°F) 

Denier 

at 

Temp 

Corrected 
Gauge  Rupture 
Length  Tenacity 
(inch)  (gpd) 

Rupture 

Elongation 

(%) 

Initial 

Modulus 

(gpd) 

Energy  to 
Rupture , 
from  Typical 
Curve 
(gpd) 

Kevlar  49  - 65 

410 

10.4 

18.6 

2.1 

889 

20.8 

2.0 

1051 

17.6 

2.0 

913 

17.2 

1.9 

937 

18.9 

2.1 

937 

18.6 

2.0 

945 

0.19 

70 

410 

10.4 

19.5 

2.3 

832 

19.7 

2.3 

846 

18.6 

2.2 

836 

18.1 

2.3 

838 

16,4 

2.0 

851 

Avg 

18.5 

2.2 

841 

0.20 

200 

395 

10.4 

16.2 

2.0 

898 

17.7 

2.1 

815 

13.6 

1.6 

00 

<jn 

15.9 

1.8 

885 

16.1 

1.8 

860 

Avg 

15.9 

1.9 

855 

0.15 

400 

395 

10,4 

12.2 

1.6 

850 

10.1 

1,3 

740 

11.1 

1.6 

753 

8.4 

1.5 

731 

9.6 

1.4 

748 

Avg 

10.3 

1.5 

764 

0.08 

600 

390 

10.4 

5.3 

0.8 

671 

4.3 

0.7 

652 

6.2 

1.1 

G35 

7.1 

1.2 

635 

0.9 

1.2 

671 

Avg 

6.0 

1.0 

653 

0.03 

800 

390 

10.2 

4.1 

0.8 

382 

4.1 

0.8 

497 

5.0 

0.8 

553 

5.0 

0.8 

553 

3.3 

0.6 

558 

Avg 

4.3 

0.8 

509 

0.02 

66 


TABLE  22  (Cont.) 


INDIVIDUAL  TEST  DATA  FOR  LOW  STRAIN  RATE  TENSILE  TESTS 

(0.167%/ sec) 

Energy  to 
Rupture, 

Rupture  Rupture  Initial  from  Typical 
Tenacity  Elongation  Modulus  Curve 
(gpd) (%)  (gpd)  (gpd) 


Corrected 

Denier 

Gauge 

Temp 

at 

Length 

Material 

(°F) 

Temp 

(inch) 

PRD-49  IV 

- 65 

43  0 

10.4 

70 


410 


200 


395 


400 


195 


600 


390 


800 


390 


Avg 


10.4 


10.4 


10.4 


10.4 


10.2 


Avg 


Avg 


Avg 


Avg 


Avg 


21.1 

2.6 

857 

19.7 

1.8 

1076 

21.4 

2.8 

774 

23.6 

3.0 

819 

21.7 

2.9 

819 

21.5 

2.6 

869 

18.3 

2.6 

735 

20.1 

2.9 

735 

17.0 

2.5 

754 

20.0 

2.7 

754 

18.3 

2.5 

754 

18.7 

2.6 

746 

16.5 

2.4 

716 

15.5 

2.4 

679 

15.3 

2.3 

686 

15.0 

2.3 

745 

16.8 

2.7 

664 

15.8 

2.4 

698 

10.0 

2.0 

566 

9.7 

2.0 

576 

10.6 

2.0 

603 

10.2 

1.7 

598 

12.0 

2.1 

610 

10.5 

2.0 

591 

6.6 

1.3 

544 

6.1 

1.0 

610 

7.3 

l.l 

666 

7.5 

1.4 

666 

7.6 

1.3 

666 

7.0 

1.2 

630 

4.7 

0.8 

595 

5.2 

0.9 

577 

5.8 

0.9 

583 

5.4 

0.9 

606 

3.9 

0.6 

454 

5.0 

0.8 

563 

0.23 


0.24 


0.19 


0.11 


0.04 


0.02 


67 


TABLE  22  (Cont.) 


INDIVIDUAL  TEST  DATA  FOR  LOW  STRAIN  RATE  TENSILE  TESTS 

(0.167%/ sec) 


Temp 

Material  (°F) 

Denier 

at 

Temp 

Corrected 

Gauge  Rupture  Rupture 

Length  Tenacity  Elongation 
(inch)  (gpd)  (%) 

Initial 

Modulus 

(gpd) 

Energy  to 
Rupture , 
from  Typical 
i Curve 
(gpd) 

PBI  -65 

210 

10.7 

6.5 

11.5 

133 

6.5 

10.2 

146 

6.1 

8.1 

156 

6.2 

8.8 

146 

6.1 

10.5 

146 

Avg 

6.3 

9.8 

145 

0.44 

70 

210 

10.7 

5.7 

14.5 

126 

5.9 

15.6 

126 

5.7 

15.9 

126 

6.0 

17.3 

126 

5.6 

16.4 

124 

Avg 

5.8 

15.9 

126 

0.61 

200 

195 

10.6 

6.9 

14.7 

120 

7.2 

16.3 

120 

7.1 

16.6 

119 

6.9 

15.6 

121 

7.6 

17.6 

120 

Avg 

7.1 

16.2 

120 

0.71 

400 

190 

10.6 

6.0 

14.9 

96 

6.1 

15.0 

101 

6.2 

16.5 

90 

5.9 

15.5 

102 

6.0 

16.3 

89 

Avg 

6.0 

15.6 

96 

0.53 

600 

190 

10.6 

3.8 

14.3 

70 

4.6 

16.2 

83 

4.6 

17.0 

83 

3.8 

13.2 

77 

3.6 

14.5 

83 

Avg 

4.1 

15.0 

79 

0.36 

800 

240 

78 

0.9 

3.9 

33 

0.8 

3.3 

35 

0.8 

4.3 

29 

0.8 

4.8 

27 

0.8 

3.2 

32 

Avg 

0.8 

3.9 

31 

0.02 

68 


TABLE  23 


INDIVIDUAL  TEST  DATA  FOR  HIGH  STRAIN  RATE  TENSILE  TESTS 

(8000%/ sec) 


Energy  to 


Material 

Temp 

(°F) 

Denier 

at 

Temp 

Corrected 

Gauge 

Length 

(inch) 

Rupture  Rupture 
Tenacity  Elongation 
(gpd)  (%) 

Initial 

Modulus 

(gpd) 

Rupture , 
from  Typical 
Curve 
(gpd) 

Kevlar  29 

-65 

1530 

10.8 

19.0 

3.3 

580 

18.4 

3.3 

560 

17.8 

3.5 

510 

17.2 

3.1 

550 

17.8 

3.1 

570 

Avg 

18.0 

3.3 

550 

0.30 

70 

1530 

10.8 

18.0 

3.1 

580 

16.7 

3.3 

500 

17.3 

3.3 

520 

16.1 

2.9 

550 

19.1 

3.3 

580 

Avg 

17.5 

3.2 

550 

0.28 

170 

1480 

10.8 

18.2 

3.5 

520 

18.4 

3,3 

560 

18.7 

3.1 

600 

16.6 

3.0 

550 

18.4 

3.1 

590 

Avg 

18.1 

3.2 

560 

0.29 

370 

1450 

10.8 

14.2 

3.0 

470 

14.6 

3.1 

470 

15.8 

3.2 

490 

14.9 

3.0 

500 

17.1 

3.1 

550 

Avg 

15.3 

3.1 

500 

0.24 

570 

1440 

10.8 

10.4 

2.5 

420 

10.1 

2.4 

420 

10.7 

2.2 

490 

12,1 

2.7 

450 

9.3 

2.2 

420 

Avg 

10.5 

2.4 

440 

0.13 

750 

1430 

10.8 

5.4 

1.7 

320 

4.9 

1.7 

290 

5.2 

1.5 

350 

4.4 

1.5 

290 

5.1 

1.8 

280 

Avg 

5.0 

1.6 

310 

0.04 

69 


TABLE  23  (Cont.) 


• 


i 

i 


INDIVIDUAL  TEST  DATA  FOR  HIGH  STRAIN  RATE  TENSILE  TESTS 


Material 


Temp 

(°F) 


(8000%/ sec) 

Energy  to 

Corrected  Rupture , 

Denier  Gauge  Rupture  Rupture  Initial  from  Typical 

at  Length  Tenacity  Elongation  Modulus  Curve 

Temp  (inch)  (gpd) (%) (gpd)  (gpd) 


U0 


110 


195 


195 


190 


190 


10.4  14.7 

14.4 
14.4 

15.0 
14.4 

Avg  14.6 

10.4  16.9 

14.9 

14.4 

16.4 

16.4 

Avg  15.8 

10.4  15.1 

15.6 

15.9 

14.4 

16.7 

Avg  15.5 

10.4  14.7 

15.3 

14.1 

13.3 

15.3 

Avg  14.5 

10.4  13.1 

14.1 
15.6 

9.7 
14.1 

Avg  13.4 

10.2  6.9 

5.9 

7.8 

5.4 

6.4 

6.5 


2.3 

64 

1.9 

76 

1.9 

76 

2.1 

71 

2.3 

63 

2.1 

70 

2.3 

74 

2.3 

65 

2.0 

72 

2.2 

75 

2.2 

75 

2.2 

72 

2.2 

69 

2.1 

74 

2.2 

73 

2.1 

69 

2.1 

80 

2.1 

731 

2.2 

66 

2.3 

66 

2.1 

671 

2.2 

60 

2.3 

66 

2.2 

65 

1.9 

69 

2.2 

641 

2.1 

75 

1.4 

69 

2.5 

571 

2.0 

67i 

So 

Avg 


TABLE  23  (Cont.) 


INDIVIDUAL  TEST  DATA  FOR  HIGH  STRAIN  RATE  TENSILE  TESTS 

(8000%/ sec) 

Energy  to 

Corrected  Rupture, 

Denier  Gauge  Rupture  Rupture  Initial  from  Typical 
Temp  at  Length  Tenacity  Elongation  Modulus  Curve 

Material  (°F)  Temp  (inch)_  (ggd) (%) (g£d) (g£d) 


PRD-49  IV  -65 


70 


170 


370 


570 


750 


410 


410 


395 


395 


390 


390 


10.4  15.5 

2.8 

550 

16.6 

2.6 

640 

14.4 

2.4 

590 

14.9 

2.7 

550 

15.5 

2.8 

550 

Avg  15.4 

2.7 

580 

10.4  18.0 

2.8 

650 

16.9 

2.9 

590 

16.0 

2.8 

580 

16.6 

2.9 

580 

16.0 

2,7 

600 

Avg  16.7 

2.8 

600 

10,4  17.9 

3.0 

590 

16.7 

3.0 

560 

17.3 

3.0 

580 

17.3 

3.1 

560 

17,0 

3.0 

570 

Avg  17.2 

3.0 

570 

10.4  13.3 

2.5 

530 

9.9 

2.1 

470 

13.3 

2.5 

530 

13.3 

2.5 

530 

13.6 

2.5 

540 

Avg  12.7 

2.4 

520 

10.4  10.5 

2.3 

450 

11.4 

2,3 

490 

11.7 

2.2 

530 

8.7 

1.7 

510 

11. 1 

1.9 

590 

AVg  10.7 

2.1 

510 

10.3  5.0 

1.4 

360 

6.2 

1.1 

560 

6.0 

1.1 

550 

6.8 

1.2 

570 

7,0 

1.4 

500 

Avg  6.2 

1.2 

510 

0.21 


0.23 


0.26 


0.15 


0.11 


0.04 


71 


TABLE  23  (Cont.) 


INDIVIDUAL  TEST  DATA  FOR  HIGH  STRAIN  RATE  TENSILE  TESTS 

(8000%/ sec) 

Energy  to 

Corrected  Rupture , 

Denier  Gauge  Rupture  Rupture  Initial  from  Typical 
Temp  at  Length  Tenacity  Elongation  Modulus  Curve 
Material  (°F)  Temp  (inch)  (gpd) (%) (gpd)  (gpd) 


PBI 


-65 


210 


70 


210 


170 


195 


370 


190 


570 


190 


750 


240 


10.7 

7.1 

12.1 

110 

7.8 

10.7 

90 

7.4 

8,9 

110 

6.7 

7.9 

no 

7.4 

10.7 

120 

Avg 

7.3 

10.1 

110 

10.7 

6.4 

12.6 

no 

6.2 

13.1 

no 

6.9 

14.9 

no 

6.2 

12.6 

no 

5.9 

11.2 

no 

Avg 

6.3 

12.9 

no 

10.6 

6.8 

13.2 

no 

7.4 

13.2 

no 

6.9 

12.2 

120 

7.3 

12.7 

no 

7.2 

14.0 

no 

Avg 

7.1 

13.1 

no 

10.6 

5.1 

8.2 

100 

5.6 

9.9 

100 

5.6 

8.0 

no 

5.6 

7.6 

no 

6.4 

10.4 

no 

Avg 

5.7 

8.8 

106 

10.6 

4.2 

5.7 

100 

4.6 

8.5 

no 

4.2 

11.5 

100 

6.1 

16.5 

100 

5.9 

15.5 

90 

Avg 

5.0 

11.5 

100 

8.5 

1.9 

2.9 

89 

1.3 

2.6 

so 

1.7 

3.S 

54 

1.7 

2.9 

52 

1.4 

2.9 

73 

Avg 

1.6 

3.0 

64 

0.49 


0.55 


0.62 


0.31 


0.41 


0.03 


72 


Material 
Kevlar  29 


TABLE  24 


TENSILE  PROPERTIES  OF  KEVLAR  FIBERS 


Gauge 

Length 

(inch) 

Initial 

Modulus 

(gpd) 

Maximum 

Modulus 

(gpd) 

Rupture 

Elongation 

(%) 

Rupture 

Tenacity 

(STPd) 

1.0 

— 

4.1 

4.3 

27.6 

27.4 

4.0 

4.1 

24.0 

27.0 

4.9 

4.6 

27.0 

28.0 

4.3 

4.1 

27.3 

24.5 

4.2 

4.7 

27.0 

27.5 

4.8 

4.3 

28.4 

25.2 

4.8 

29.0 

Avg 

4.4 

26. 

9 

CV<%) 

7.2 

5 . 

5 

Group-* 

3.0 

I 

631 

II 

609 

I 

751 

11 

662 

1 

3.5 

11 

4.1 

1 

25.2 

11 

26.9 

656 

631 

751 

734 

3.9 

4.0 

28.0 

28.1 

541 

497 

720 

682 

4.0 

4.4 

26.0 

25.5 

609 

497 

689 

662 

3.7 

4.3 

25.7 

26.4 

631 

476 

743 

662 

3.7 

4.5 

26.2 

26.4 

568 

463 

711 

662 

3.9 

4.5 

25.8 

27.0 

631 

497 

768 

720 

3.7 

4.6 

26.7 

28.9 

558 

466 

689 

682 

4.1 

4.3 

27.1 

24.9 

588 

508 

704 

643 

3.5 

4.4 

23.6 

26.8 

598 

558 

704 

650 

3.9 

4.1 

26.7 

26.7 

631 

541 

751 

720 

— 

4.5 

— 

29.1 

598 

490 

720 

682 

3.9 

4.4 

27.0 

26.8 

603 

506 

727 

650 

3.8 

4.6 

26.0 

27.8 

631 

536 

727 

719 

3.9 

4.3 

27.6 

27.7 

Avg 

609 

606 

520 

711 

724 

681 

3.9 

3.6 

4.4 

26.3 

26.3 

27TT 

CV<%) 

5.2 

9.7 

3.3 

4.5 

4.6 

4.3 

4.1 

4.3 

5.0 

571 

483 

786 

784 

3.9 

4,0 

26.8 

24.3 

522 

524 

765 

812 

4.1 

4.3 

26.3 

28.6 

SSS 

517 

770 

749 

4.0 

3.8 

26.6 

24.3 

619 

557 

808 

739 

3.6 

4.1 

25.0 

25.4 

474 

540 

711 

768 

4.0 

4.1 

24.8 

27.9 

SOI 

617 

721 

788 

4.2 

3.9 

26.1 

26.4 

468 

520 

605 

66S 

3.9 

4.4 

22.6 

28.3 

560 

552 

749 

751 

3.8 

4.0 

25.3 

25.9 

420 

581 

657 

725 

4.0 

3.6 

21.9 

23.6 

490 

651 

759 

808 

3.8 

3.8 

24.1 

27.8 

506 

488 

754 

786 

3.9 

3.7 

24.7 

23.7 

539 

555 

765 

683 

3.8 

4.1 

24.6 

27.0 

650 

806 

3.8 

27.7 

474 

71? 

4.0 

24.1 

590 

759 

3.9 

26.2 

580 

782 

3.8 

26.2 

642 

784 

3.8 

27.0 

642 

810 

3.? 

26.6 

Avg 

522 

570 

743 

762 

o 

3.9 

20 

26.1 

CV(%) 

10.2 

10.2 

5.6 

5.6 

11.1 

5.1 

13.0 

6.0 

73 


TABLE  24  (Cont.) 


TENSILE  PROPERTIES  OF  KEVLAR  FIBERS 


Gauge 

Length 

Material  (inches) 

Initial 

Modulus 

(gpd) 

Maximum 

Modulus 

(gpd) 

Rupture 

Elongation 

<%) 

Rupture 

Tenacity 

..<gPlL. 

2.6 

25.5 

Kevlar  49  1.0 

2.3 

21.3 

2.9 

26.6 

2.7 

24.2 

3.1 

30.1 

2.1 

20.6 

2.8 

29.3 

2.9 

26.8 

2.8 

25.1 

2.7 

26.7 

3.1 

32.0 

2.1 

21.1 

2.8 

26.0 

2.7 

26.2 

2.7 

27.4 

3.1 

31.9 

2.5 

24.6 

Avg 

2.7 

26.2 

CV(%) 

11.4 

12.9 

5.0 

986 

1C93 

2.3 

23.5 

991 

1C72 

2.6 

25.7 

1012 

1099 

2.1 

22.5 

1045 

1126 

2.3 

24.8 

948 

1072 

2,0 

19.0 

980 

1093 

2.2 

22.8 

910 

1050 

1.9 

18.7 

996 

1099 

2.5 

26.3 

975 

1039 

2.3 

22.6 

990 

1099 

2.8 

28.2 

1018 

1110 

1.9 

20.0 

953 

1061 

2.5 

24.2 

932 

1066 

2.4 

23.4 

1013 

1099 

2.6 

26.8 

1061 

2.5 

25.3 

1012 

1120 

2.3 

24.0 

1061 

1136 

2.5 

26.4 

Avg  989 

1088 

2.3 

23.8 

CV<%)  4.0 

2.5 

10.9 

11.3 
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TABLE  25 


TENSILE  PROPERTIES  OF  TWISTED  KEVLAR  YARNS 
(20  inch  specimen  length) 


Material 

Yarn 

Twist 

(tpi) 

Denier 

Initial 

Modulus 

(gpd) 

Rupture 

Elongation 

<%) 

Rupture 

Tenacity 

(gPd) 

Strength 

Change 

(%) 

* 

Kevlar  29 

0 

1054 

586 

3.2 

21.2 

1055 

576 

3.3 

21.2 

1069 

589 

3.2 

21.2 

1054 

591 

3.2 

21.2 

1052 

592 

3.2 

20.8 

Avg 

1057 

587 

3.2 

21.1 

-18 

3.5 

1079 

535 

3.7 

24.1 

3.4 

1071 

540 

3.7 

24.1 

3.8 

1067 

528 

S.  9 

24.5 

3.6 

569 

3.7 

24.5 

3.8 

522 

3.9 

24.5 

Avg 

3.6 

l072 

539 

3.8 

24.3 

- 5 + 

8.0 

1115 

407 

4.0 

20.3 

8,0 

1125 

376 

4.0 

19.1 

8.2 

1110 

412 

4.2 

21.5 

7.8 

376 

3.9 

17.9 

7.9 

363 

4.1 

19.5 

Avg 

8.0 

m? 

387 

4.0 

19.7 

-23 

14.1 

1184 

131 

5.7 

11.7 

14.1 

1187 

130 

5.4 

11.0 

13.8 

1183 

149 

5.0 

11.9 

14.2 

136 

5.3 

10.8 

13.6 

201 

4.7 

14.4 

Avg 

14.0 

1185 

149 

5.2 

11.9 

-54 

•Based  on  individual  fiber  strength  at  a 5.0  inch  gauge  length. 
••Bused  on  tlie  strength  of  the  untwisted  yarn. 
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TABLE  25  (Cont.) 


TENSILE  PROPERTIES  OF  TWISTED  KEVLAR  YARNS 
('id  inch  specimen  length) 


Material 

Yarn 

Twist 

(tpi) 

Lenier 

Initial 

Modulus 

(gpd) 

Rupture 

Elongation 

(%) 

Rupture 

Tenacity 

(RPd) 

Strength 

Change 

(%) 

* ** 

Kevlar  49 

0 

405 

936 

1.9 

18.7 

404 

919 

2.0 

19.7 

405 

945 

2.0 

18.8 

406 

949 

2.0 

19.0 

405 

939 

1.9 

18.5 

Avg 

405 

938 

2.0 

18.9 

-21 

6,3 

406 

813 

2.3 

21.9 

6.5 

405 

84? 

2.3 

21.fi 

6.6 

408 

852 

2.1 

19.8 

6.7 

842 

2.3 

21.0 

6.5 

786 

2.0 

17.0 

Avg 

6.5 

406 

828 

2.2 

20.1 

-15  + 7 

13. S 

433 

338 

2.5 

10.8 

13.4 

431 

519 

2.4 

19.0 

14.1 

433 

333 

2.4 

13.8 

14.2 

394 

2.7 

16.7 

13.7 

343 

2.7 

12.5 

326 

2.7 

15,4 

331 

2.7 

14.4 

445 

2.3 

14.4 

350 

2.7 

16,1 

Avg 

lO 

432 

375 

2.6 

14.8 

-38  -22 

23.3 

458 

176 

3.1 

8.6 

22.5 

458 

146 

3.6 

8.7 

22.3 

459 

146 

3.8 

9.2 

22.4 

133 

4,3 

9.3 

22.2 

13? 

4.4 

10.1 

152 

4.3 

9.7 

137 

4.3 

10.9 

161 

4.4 

ill 

. 167 

4.4 

10.8 

Avg 

Mi  fd 

458 

154 

4.1 

9.1 

-59  -48 

•Rased  on  individual  fiber  strength  at  a 5.0  inch  gauge  length. 
♦♦Rased  on  the  strength  of  tlwj  untwisted  yarn. 


TABLE  26 


TENSILE  PROPERTIES  OF  FIBERS  REMOVED  FROM  TWISTED  KEVLAR  YARNS 

(5.0  inch  gauge  length) 


Yarn 

Initial 

Rupture 

Rupture 

Strength 

Twist 

Modulus 

Elongation 

Tenacity 

Change 

Material 

(tpi) 

(RPd) 

(%) 

(gpd) 

(%) 

Kevlar  29 

0 

546 

3.9 

25.6 

■ — 

3.6 

485 

478 

4.3  3.4 

27.4  20.2 

515 

520 

3.9  3.2 

23.1  18.9 

613 

613 

3.9  3.2 

26.7  22.4 

648 

613 

3.7  3.9 

25.9  27.6 

539 

530 

3.7  3.8 

24.3  22.5 

Avg 

555 

3.7 

23.9 

-7 

CV(%) 

10.9 

9.4 

12.6 

8.0 

509 

482 

3.1  4.0 

19.0  24.4 

453 

474 

3.9  4.2 

22.3  25.7 

585 

513 

3.8  4.3 

25.1  25.8 

533 

546 

3.6  2.7 

15.8  16.2 

561 

483 

3.6  3.7 

22,4  24.7 

Avg 

514 

3.7 

22.1 

-14 

CV(i) 

8.1 

13.2 

17.3 

14.0 

505 

519 

3.3  3.4 

19.9  20.6 

465 

530 

3.4  3.0 

18.9  18.1 

433 

§72 

2.9  3.4 

13.5  22.3 

565 

573 

3.4  3.0 

21.9  19.3 

543 

.1,1 

18.9 

Avg 

523 

3.2 

19.2 

-25 

CV(%) 

9.3 

7.2 

23.8 

TABLE  2?6  (Cont.) 


TENSILE  PROPERTIES  OF  FIBERS  REMOVED  FROM  TWISTED  KEVLAR  YARNS 

(5.0  inch  gauge  length) 


Yarn 

Initial 

Rupture 

Rupture 

Strength 

Twist 

Modulus 

Elongation 

Tenacity 

Change 

Material 

vtpi) 

(gpd) 

(%) 

(gpd) 

(%) 

Kevlar  49 

0 

989 

2.3 

23.8 

— 

6.5 

976 

991 

2.2 

2.3 

22.4  23.9 

933 

962 

2.0 

2.2 

19.7  22.6 

1021 

925 

2.5 

2.1 

27.2  20.0 

946 

938 

2.2 

2.3 

21.4  22.8 

1002 

894 

2.2 

2.4 

23.4  23.1 

Avg 

959 

2.2 

22.6 

-5 

CV(%) 

4.1 

6.4 

9.4 

13.8 

898 

954 

2.3 

2.0 

21.9  19.0 

936 

906 

2.0 

2.0 

20.3  15.6 

993 

954 

1.4 

1.5 

14.1  19,5 

931 

894 

1.9 

2.1 

18.7  19.5 

889 

954 

1.4 

1.9 

21.0 

Avg 

931 

1.9 

18.8 

-21 

CV(%) 

3.6 

16.8 

13.3 

22.3 

853 

954 

1.1 

1.6 

18.0  14.5 

903 

936 

1.9 

1.5 

15.8  20.2 

918 

982 

1.7 

2.0 

16.2  15.5 

876 

911 

1.7 

1.6 

14.1  17.2 

808 

928 

1.6 

1,8 

15.5 

Avg 

913 

1.7 

16.3 

-32 

CV(%) 

4.4 

14.9 

11.6 

78 


TABLE  27 

TENSILE  PROPERTIES  OF  TWISTED 

KEVLAR  29  FIBERS 

(5.0  inch  gauge  length) 

Initial 

Rupture 

Rupture 

t Modulus 

Elongation 

Tenacity 

479 

4.4 

27 

— 

3.3 

27 

537 

3.8 

24 

609 

3.6 

23 

582 

4.0 

26 

552 

3.8 

25" 

613 

3.5 

24 

550 

4.0 

26 

614 

3.7 

26 

555 

3.7 

24 

499 

4.1 

26 

566 

3.8 

25 

TABLE  28 


TENSILE  PROPERTIES  OF  PREVIOUSLY  BENT  KEVLAR  49  FIBERS 

(1.0  inch  gauge  length) 


Mandrel 

Initial 

Rupture 

Rupture 

Strength 

Diameter 

Modulus 

Elongation 

Tenacity 

Change 

(inches) 

(gpd) 

(%) 

(£Pd) 

(%) 

0 

989 

2.7 

26.2 

— 

0.33 

1039 

954 

2.7 

1.9 

27.7  20.9 

840 

923 

2.4 

1.7 

29.1  27.7 

e = 0.14%) 

1030 

1005 

2.8 

2.9 

23.0  18.9 

1014 

976 

2.8 

2.6 

19.6  15.5 

1024 

954 

2.3 

3.2 

29.7  25.7 

960 

2.0 

30.4 

Avg 

974 

2.5 

24.4 

-7 

CV(%) 

6.0 

18.8 

21 

0.086 

1072 

971 

2.4 

2.8 

26.4  22.3 

1063 

928 

2.1 

2.9 

28.4  22.3 

e = 0.54%) 

1036 

949 

2.7 

2.6 

21.6  24.3 

938 

1097 

2.3 

3.1 

26.4  26.4 

944 

968 

2.2 

1.9 

25.7  27.7 

920 

1002 

2.7 

2.3 

27.0  25.0 

993 

999 

2.8 

2.6 

28.4  19.6 

1002 

2.5 

23.0 

Avg 

992 

2.5 

24.9 

-5 

CV(%) 

5.5 

12.9 

11 

0.040 

971 

965 

2.4 

2.5 

25.0  22.3 

944 

1052 

2.6 

2.7 

25.7  25.7 

B = 1.16%) 

894 

971 

2.1 

2.3 

24.3  22.3 

991 

976 

2.5 

2.8 

25.0  24.3 

1059 

894 

2.5 

2.8 

27.7  23.6 

844 

965 

2.8 

2.2 

27.7  20.9 

Avg 

960 

2.5 

24.0 

-8 

CV(%) 

6.4 

9.4 

11 
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TABLE  29 


TENSILE  PROPERTIES  OF  TRANSVERSELY  COMPRESSED  FIBERS 

(1.0  inch  gauge  length) 


Transverse 

Load 

Material  (lbs/inch) 


Rupture 

Elongation 

(%) 


Rupture 

Tenacity 

(gpd) 


Kevlar  29 


0 


18 


110 


Avg 

CV(%) 


Avg 

CV(%) 


Avg 

CV<%) 


4.0 

3.8 

22.3 

23.0 

3.5 

3.8 

23.6 

21.6 

4.3 

4.5 

18.9 

25.0 

3.9 

4.8 

27.0 

20.3 

3.3 

4.5 

20.3 

23.6 

3.7 

3.8 

25.5 

25.6 

4.2 

4.2 

25.6 

22.6 

4.0 

23.2 

10.4 

10.3 

4.2 

4.3 

18.9 

22.0 

2.8 

4.5 

13.9 

21.6 

3.2 

4.5 

14.4 

24.0 

3.5 

4.7 

16.2 

22.5 

4.1 

4.8 

20.5 

27.0 

4.2 

5.1 

22.6 

22.3 

5.0 

24.4 

4.2 

20.7 

16.3 

18.9 

4.5 

3.7 

21.0 

19.6 

4.8 

2.5 

20.6 

18.2 

4.6 

2.3 

21.0 

10.1 

3.6 

2.8 

16.9 

9.4 

3.6 

4.6 

18.8 

13.5 

4.1 

5.0 

19.1 

21.6 

4.6 

3.7 

23.3 

18.2 

3.9  18.0 

22.3  23.3 
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TABLE  29  (Cont.) 


TENSILE  PROPERTIES  OF  TRANSVERSELY  COMPRESSED  FIBERS 


(1.0  inch 

gauge  length) 

Transverse 

Rupture 

Rupture 

Load 

Elongation 

Tenacity 

Material 

(ibs/inch) 

<%) 

(gPd) 

Kevlar  49 

0 

2.8 

2.6 

30.4 

26.4 

3.0 

2.5 

30.4 

23.0 

2.7 

2.8 

29.9 

29.0 

2.7 

2.7 

28.8 

29.0 

3.0 

2.7 

29.4 

29.0 

2.8 

2.5 

27.0 

24.3 

2.8 

25.3 

A vg 

2.7 

27.8 

CV(%> 

5.7 

8.6 

18 

2.6 

2.7 

24.6 

26.0 

2.5 

1.8 

24.3 

16.9 

3.0 

2.6 

27.0 

30.0 

2.7 

2.6 

26.4 

25.7 

3.1 

1.5 

28.4 

26.7 

2.9 

1.1 

16.5 

22.6 

1.8 

2.6 

23.6 

18.9 

3.0 

2.8 

10.1 

27.0 

3.0 

2J8 

27.0 

25.0 

Avg 

2.5 

23.7 

CV(%) 

22.8 

21.1 

110 

3.1 

2.5 

23.0 

18.3 

2.6 

3.0 

20.4 

19.3 

2.5 

2.8 

21.3 

22.3 

2.7 

2.4 

21.1 

20. C 

3.0 

2.4 

20.3 

20.6 

2.4 

21.6 

Avg 

2.7 

20.8 

CV(%) 

9.6 

6.3 
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TABLE  29  (Cont.) 


TENSILE  PROPERTIES  OF  TRANSVERSELY  COMPRESSED  FIBERS 


(1.0  inch 

gauge  length) 

Transverse 

Rupture 

Rupture 

Load 

Elongation 

Tenacity 

Material  (lbs/inch) 

(%) 

(gPdJ_ 

Nylon  0 

31 

23 

6.45  6.35 

35 

30 

6.75  5.85 

32.5 

23 

6 .75  6.35 

26 

33 

6.54  6.83 

Avg 

29.2 

6.48 

CV(%) 

15.9 

4.89 

18 

20 

26 

6.02  6.36 

22 

19 

6.25  6.36 

25 

21 

6.25  5.87 

18 

24 

6.36  5.87 

18 

21 

5.87  5.87 

20 

5.90 

Avg 

” 21 

6.09 

CV<%) 

13.7 

3.69 

110 

25.5 

22.0 

6.20  5.60 

18.0 

19.5 

5.13  5.71 

24.2 

21.7 

5.95  5.40 

19.5 

21.0 

5.40  5.61 

19,0 

20.0 

4.97  5.51 

25.1 

5.95 

Avg 

21.4 

5.59 

CV(%) 

11.9 

6.51 
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TABLE  30 


LOOP  STRENGTH  OF  TWISTED  KEVLAR  YARNS 


Yarn 

Twist 

(tpi) 


Loop  Strength 
(gpd)  _ 


13.4 

14.0 

13.6 

13.4 

13.6 

13.6 


13.2 

12.7 

11.0 

13.2 

12.5 

10.9 

14.3 

12.9 

12.2 

12.6 

12.6 

12.4 

10.9 

13.1 

12.2 

11.1 

10.5 

13.4 

10.6 

13.2 

11.8 

11.9 

8.4 

8.2 

9.1 

9.1 

8.3 

8.0 

8.3 

8.4 

7.9 

9J 

8.5 
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TABLE  30  (Cont.) 


Material 
Kevlar  49 


LOOP  STRENGTH  OF  TWISTED  KEVLAR  YARNS 


Yarn 


Twist 

ML 


Loop  Strength  Loop  Efficiency 
(gpd)  <!L. 


0 

Avg 

6.5 

Avg 

13.8 

Avg 

22.3 

Avg 


10.0 

11.6 

10.5 

10.3 

11.0 

10.7 

7.4  7.7 

6.7  8.4 

6.8  7.9 

9.2  7.7 

8.7  7.8 

7.8 

7.8  8.0 

7.8  6.6 

6.5  7.5 

6.7  8.0 

6.0  9.0 
7.4 

8.3  8.2 

7.0  5.6 

8.0  7.7 

8.0  5,4 

7.1  3.9 

6.9 


57 


50 
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TABLE  31 


Material 
Kevlar  49 


TABLE  31  (Cont.) 

KNOT  STRENGTH  OF  TWISTED  KEVLAR  YARNS 

Yarn 
Twist 
(tpi) 


Knot  Strength 

(RPd) 


Knot  Efficiency 

(%) 


0 8.1 

7.3 

6.3 

7.2 

8.3 

Avg  7.4 

6.5  7.1 

6.1 

9.3 

8.4 
7.7 

Avg  7.7 

13.8  8.6 

7.7 

8.7 
8.3 
7.6 

Avg  8.2 

22.3  5.7 

7.8 
4.1 
6.0 

7.9 

Avg  63 


39 


38 


55 


64 


87 
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